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Using geochemistry and environmental tracers to study
shallow unconﬁned aquifer recharge and mineralization
processes in the Yinchuan Plain, arid Northwest China
YongFeng Gong, Xin Liu, Bin Ma, PengFei Qi and Yan Li

ABSTRACT
Irrigation water extracted from the Yellow River plays a key role in water resource management in
the Yinchuan Plain (YCP), arid Northwest China. Investigating the soluble matters (ion and gas) of
groundwater provides information to explain the unconﬁned shallow aquifer recharge and
groundwater mineralization processes after long-term ﬂood irrigation activity. Environmental tracing
with the elements, 2H,

18

O, 3H, and CFCs, combining geochemistry using major ions and selected

trace elements, was conducted for 43 water samples from September to October 2019 in the YCP.
Evaporite and silicate weathering dominate the shallow unconﬁned groundwater geochemical
compositions. Water–rock interactions control the mineralization characteristics regularly along the
groundwater ﬂow paths from the southwest toward the northeast. Stable isotopes suggest that
Yellow River water and precipitation in winter and/or from Helan Mountainous area are the main
recharge sources. The shallow unconﬁned aquifer mixed young (post-1940) and old (pre-1940) water
with young water ratios from 53.1 to 73.5% inferred from the CFC concentrations and 3H activities.
Water reinﬁltrations extracted from the Yellow River and from the old groundwater are conﬁrmed.
Lateral ﬂow recharge for the shallow unconﬁned aquifer is less indistinctive than that from the water
re-inﬁltration in the plain areas.
Key words

| arid area, geochemistry and isotope, groundwater recharge, mineralization processes,
Yinchuan Plain

HIGHLIGHTS

•
•
•

Groundwater lateral ﬂow recharge is substantially less than irrigation re-inﬁltration in the shallow
unconﬁned aquifer.
Irrigation water extracted from the Yellow River and groundwater have different recharge ratios
for the shallow unconﬁned aquifer.
Evaporite and silicate weathering dominate the shallow unconﬁned groundwater geochemical
compositions.
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INTRODUCTION
Groundwater is an essential but invisible resource and even

have abundantly generated 3H in the atmosphere, supplying

acts as a unique water source in arid areas. Ascertaining

us artiﬁcial tracers to study modern water recharge and

groundwater sources usually proves elusory for people

water mixing features. Nowadays, rainfall 3H activities are

due to their complexity and invisibility. Investigating

still affected by the tail end of the bomb pulse in the North-

hydrogeological and geochemical processes such as aquifer

ern Hemisphere, which is particularly seen in the arid

recharge, groundwater mixing, and mineralization pro-

northwest of China due to both the continental effect

cesses is an efﬁcient way for ensuring sustainability,

(Tadros et al. ) and the superimposition over China of

protection, and proper management of water resources in

the atmospheric nuclear tests from 1964 to 1974. Hence, a

arid areas in the face of both anthropogenic and climate-

comprehensive use of the water isotopes (2H,

driven changes (Edmunds et al. ; Han et al. ; Ma

provides virtual information for aquifer recharge and

et al. ). The geochemistry in arid areas is generally con-

groundwater ﬂow characteristics.

18

O, and 3H)

trolled by (1) groundwater recharge source and mixing

The synthetic chloroﬂuorocarbons (CFCs, e.g. CFC-11,

characteristic, (2) mineralization processes, (3) residence

CFC-12, and CFC-113) were ﬁrst detected in the atmos-

time, and (4) evaporation along the groundwater ﬂow

phere in the 1940s. CFCs have relatively long transit times

path within the aquifer (Ma et al. ). Geochemistry

(44, 180, and 85 years for CFC-11, CFC-12, and CFC-113,

and environmental tracers (e.g.

2

H,

18

O,

3

H,

14

C, and

CFCs) are being increasingly incorporated into studies to

respectively) than

3

H in the atmosphere, which allows

their uniform atmospheric distributions over large areas,

contribute to the understanding of groundwater recharge

but there is 1–2 years of lag time for the Southern Hemi-

sources, mixing characteristics and mineralization pro-

sphere than for the Northern Hemisphere (Darling et al.

cesses (Zhu et al. ; Huang et al. ; Fackrell et al.

; Cartwright et al. ; Cook et al. ). Though the

).

atmospheric CFC concentrations have declined since
2

The stable isotopes H and

18

O are widely used by

1994 to date (different CFCs peaked at different times),

hydrogeologists in tracing the water cycle because of their

there is a possibility for some ambiguity in regard to the

distinctive characteristics, such as conservativeness and, as

CFC ratio plot (Darling et al. ). The different atmos-

molecules of water, being naturally supplied by precipi-

pheric CFC ratios that exist, that is those of today and

tation. They are often used as natural tracers in subsurface

those before the 1990s make investigating groundwater

water ﬂow paths in arid areas due to their phase variable fea-

recharge years and mixing ratios by CFCs possible. Conse-

tures when evaporation, condensation, and sublimation

quently, CFCs have been commonly viewed as alternatives

occur. Studies on investigating groundwater recharge

to 3H for estimating recharge years in groundwater with

sources, water mixing and ﬂow paths, groundwater saliniza-

the decline in bomb-pulse 3H activities (Qin et al. ;

tion, and moisture cycle have been widely undertaken based

Cook et al. ). What should be noticed is the industrial

on the stable isotope fractional mechanisms (Huang & Pang

contamination during both the groundwater recharge pro-

; Kong & Pang ; Binet et al. ; Ma et al. ).

cess and water sampling (Han et al. ; Qin ;

3

Another molecule of water is tritium ( H), which is radio-

Mahlknecht et al. ). The entrapped excess air makes

active with a half-life of 12.32 years, and is a powerful

the use of CFCs difﬁcult to study the water cycle. The

tracer to study groundwater recharge years and recharge

other adverse factors for using CFCs are degradation in

sources (Tadros et al. ; Ma et al. ). 3H is more

anaerobic groundwater (Cook & Solomon ; Plummer

widely used in the Northern Hemisphere due to its much

et al. ; Horneman et al. ) in the conﬁned aquifers

higher activity caused by synthetic rather than natural con-

and/or sorption in the soil.

ditions. The continual atmospheric thermonuclear tests in

Agricultural reclamation in the Yinchuan Plain (YCP)

the Northern Hemisphere during the 1950s and 1960s

can be dated back to nearly 2000 years ago. Irrigation
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water extracted from the Yellow River has long played an

The altitudes in the plain area vary from 1,100 to

important role in maintaining the balance of groundwater

1,200 m, where in the Helan Mountain, they vary from

resource as irrigation water re-inﬁltration into the aquifer

1,500 to 3,200 m to the summit of 3,500 m. The plain area

is enormous, especially into the unconﬁned aquifer in the

is consistent with the piedmont plain, alluvial–proluvial

plain areas. Irrigation re-inﬁltration from canal systems con-

plain, and lacustrine plain with slopes of 10–30, 5, and

stitutes 83% of the total groundwater recharge (Wang et al.

0.2–1.8‰, respectively. The lacustrine plain has witnessed

). Previous studies in the YCP have concluded that

cultivation for nearly 2000 years, which is still an important

Yellow River water plays an important role in the shallow

production area for agriculture, forestry, animal husbandry,

aquifer recharge based on isotopic data analyses (Su &

and ﬁsheries.

Lin ; Fan ). Excessive groundwater exploitation

Figure 2 displays the strata structures of the YCP, which

and Yellow River irrigation recharge have changed the qual-

consist of pre-tertiary (AnR) and tertiary (N) in the marginal

ity of the shallow aquifer groundwater critically in recent

plain (the strata basements of the YCP) and the quaternary

decades (Yang ).

system. Quaternary strata with a thickness of >1,600 m dis-

The YCP is located in the arid Northwest China and is

tributes along the line of the Pingluo–Yaofu–Yinchuan areas.

far from the industrialized cities, such as Beijing, Shanghai,

The Lower Pleistocene (Q1), Middle Pleistocene (Q2), Upper

3

and Guangzhou, and, thus, H and CFCs are supposedly

Pleistocene (Q3), and Holocene (Q4) are demarcated in

good tracers for investigating the shallow unconﬁned aqui-

Figure 2. The lithology explanations are also given. Sandy

fer recharge. Hence, the aim of this study is to investigate

gravel is mainly distributed in the piedmont plain, and the

the shallow unconﬁned aquifer recharge, groundwater

lithology becomes ﬁne in the central and eastern plains and

mixing characteristics, and mineralization processes in the

consists of ﬁne sand, clayey sand, and sandy sand.

YCP after long-term irrigation activity by using geochemistry
and environmental tracers.

The porous aquifers are divided into two types, which
are the single unconﬁned aquifer and multilayer aquifers.
The single unconﬁned aquifer distributes along the Helan
Mountain in the west and south of YCP, and the thickness

STUDY AREA AND GEOLOGICAL SETTING

varies from 10 to 300 m with sandy gravel and some pebbles.
The water depth varies from 0.5 to 4.0 m, and the water abun-

The YCP (Figure 1) is located in the north of the Ningxia

dance varies from 2,000 to 5,000 m3/d. Detailed data are

Hui Autonomous Region and in the middle and upper

given in Figure 1. The multilayer aquifers consist of an uncon-

reaches of the Yellow River. The southern border is Qing-

ﬁned aquifer, the ﬁrst conﬁned aquifer, and the second

tongxia and is located northward to Shizuishan, and the

conﬁned aquifer from top to bottom within 250 m under

western border is Helan Mountain and is located eastward

the surface. What can be noticed is that the three aquifers

to the western margin of the Ordos Plain. It is 165 km

are obstructed by a discrete aquitard, which indicates that

long from south to north and 42–60 km wide from west to

there are hydraulic connections among each other.

2

east with a total area of 7,790 km . The YCP has a typical

The unconﬁned aquifer has a thickness of 20–60 m and

continental arid climate with an annual average temperature

distributes in the alluvial–proluvial plain and lacustrine

of 8.92  C. January has the lowest average temperature of

plain. Figure 2 shows that the water abundance decreases to



7.73 C, and the extreme minimum temperature is

1,000–3,000 m3/d in the central area and to <1,000 m3/d in

30.6  C. The highest average temperature is in July with

the north of the YCP. The ﬁrst conﬁned aquifer top depths



23.63 C, and the extreme maximum temperature is

vary from 25 to 60 m and bottom depth varies from 140 to

41.4  C. The annual average precipitation is 186.7 mm, of

160 m with a total thickness of 120 m. The second conﬁned

which 68.1% occurs from June to September. The annual

aquifer has a total thickness of 60–125 m and its bottom

potential evaporation is 1,838.44 mm, 93.2% of which

depth reaches 240–260 m. Overall, the aquifer thickness

occurs from April to September. The annual average humid-

decreases from the central area to the western and eastern

ity is 55%.

margins of the YCP.
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The geographic map of the Yinchuan Plain with the groundwater level and sampling sites for a shallow unconﬁned aquifer.
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Hydrogeological cross section of the Yinchuan Plain for the A–B line shown in Figure 1. Explanations are as follows: 1, Sandy gravel; 2, Fine sand; 3, Clayey sand; 4, Sandy clay;
5, Argillaceous sandstone; 6, Sandstone; 7, Pre-tertiary; 8, Water table; 9, Geological boundary.

SAMPLING AND METHODS

samples were collected directly from the borehole using a
copper tube sampling pipe for CFC analysis. One end of the

Field sampling

pipe was connected to the well casing, and the other end
was placed at the bottom of a 120 mL borosilicate glass

A total of 43 water samples were taken in the YCP, including

bottle, inside a 2,000 mL beaker. The well water was allowed

three Yellow River water samples (collected along the river

to ﬂow through the tubing for 10 min, leading to a thorough

ﬂow direction), one spring sample, and 39 groundwater

ﬂushing of the tubing. The bottle was submerged, ﬁlled, and

samples. Groundwater was pumped from agricultural and

capped underwater till no bubbles appeared in the bottle, fol-

domestic wells (Figure 1 and Table 1), in which the wells

lowing the protocols described by Ma et al. (). In this

were pumped for a minimum of 10 min prior to sampling.

study, six bottles were collected at each well and three of

Water temperature (T ), electrical conductivity (EC), and
pH values were measured in the ﬁeld using calibrated Hach

them were analyzed. A total of eight wells were collected for
CFC (CFC-11, CFC-12, and CFC-113) analysis.

(HQ40d) conductivity and pH meters (Table 1), which had
been calibrated before use. Bicarbonate was determined by

Laboratory analyses

titration with 0.05 N HCl on-site. Samples to be analyzed
for geochemistry and environmental isotopes (δ2H, δ18O,

The calculations of the stable isotopic values (δ2H and δ18O)

and 3H) were ﬁltered on-site through 0.45 μm millipore syr-

and the geochemical calculations for water were performed

inge ﬁlters and stored in pre-cleaned polypropylene bottles

at the Institute of Geological Survey, China University of Geo-

at 4  C until analysis. Water samples for 3H analysis were

sciences (Wuhan). δ2H and δ18O analyses were done using a

collected and stored in 500 mL airtight polypropylene bot-

Liquid Water Isotopic Analyzer (LGR, IWA-45EP, USA).

tles. For cation analysis, the samples were acidiﬁed to pH

The δ2H and δ18O values (Table 1) were presented in δ notation

<2 with ultrapure HNO3.

in ‰ with respect to the Vienna Standard Mean Ocean Water

CFCs are dissolved gases, and, thus, extreme precautions

(VSMOW), with an analytical precision of 0.5‰ vs. VSMOW

are needed to be taken to avoid contamination from equip-

for δ2H and of 0.1‰ for δ18O. Cations were analyzed using an

ment such as pumps and tubing for CFC samples (Han et al.

inductively coupled plasma atomic emission spectrometer

; Cook et al. ). After purging the wells, the water

(ICP-AES) (IRIS Intrepid II XSP, Thermo Elemental).
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(m)

pH

T

EC

K

Na

Ca

Mg

Sr

Si

Cl

SO4

HCO3

TDS

δ18O

3

(μS/cm)

δ2 H

( C)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(‰)

(‰)

(TU)

H

Yellow River water
7.78 16.7 632

1.8

52.1

64.0

24.0

0.792

3.18

48.7

103.0

219.1

403.4

67.2 9.8

YC-22

7.82 18.7 612

2.1

41.0

58.8

22.4

0.847

3.12

37.7

88.8

223.9

367.8

66.3 9.8

YC-24

7.81 17

639

1.8

41.0

52.8

20.0

0.716

2.59

44.0

94.2

224.1

374.8

67.2 9.9

7.82 16.5 390

1.5

19.7

51.4

7.6

0.306

7.62

16.8

36.2

220.7

245.3

77.3 11.3

|
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Well depth
Sample ID
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Table 1

YC-4
Groundwater
YC-1

20

7.29 16

2,230

3.2

191.0

246.0

131.0

2.82

6.12

160.0

437.0

405.0

1,818.7

68.7 9.6

10.48

YC-3

25

7.53 14.5 1,539

2.2

228.0

100.0

45.7

1.6

6.38

143.0

240.0

468.0

993.3

67.7 9.1

9.91

YC-5

5

7.50 22.3 2,130

3.7

304.0

98.8

92.0

0.898

7.28

224.0

372.0

518.5

1,432.8

77.7 11.2

YC-6

18

7.41 14.7 2,240

4.1

288.0

116.0

112.0

1.1

7.34

253.0

431.0

468.8

1,512.5

77.4 11.2

YC-7

25

7.63 14.6 1,665

3.5

282.0

87.4

58.3

0.828

7.46

171.0

311.0

399.9

1,122.5

72.7 10.1

YC-8

18

7.73 16.3 1,150

2.7

96.1

77.0

57.9

0.909

7.35

105.0

166.0

310.4

703.8

71.1 9.9

YC-9

12

7.77 15.2 1,073

2.3

82.3

66.6

49.9

0.779

6.46

93.6

161.0

279.5

638.6

70.9 9.8

YC-10

26

7.43 15.8 767

2.3

57.5

61.3

42.2

0.757

6.84

55.2

83.9

299.0

452.2

78.5 11.1

7.88

YC-11

25

7.60 14.8 892

2.2

89.3

63.7

23.6

0.679

5.57

82.0

150.0

201.1

521.3

55.2 6.5

7.49

YC-12

20

7.84 15

2.2

73.0

67.1

46.3

2.44

7.5

74.0

135.0

208.1

566.0

68.6 9.4

YC-13

30

7.68 15.3 1,222

2.3

95.4

144.0

47.6

2.08

7.93

77.2

159.0

352.9

802.0

65.8 9.2

YC-14

20

7.43 15.3 1,826

3.6

256.0

71.5

101.0

2.1

6.6

165.0

267.0

580.5

1,168.9

69.6 9.4

YC-15

25

7.57 13.3 1,228

2.1

84.5

136.0

43.9

2

5.57

94.4

167.0

459.1

757.8

68.7 9.4

YC-16

15

7.56 14.7 1,364

4.5

95.0

98.6

74.2

2.47

5.68

91.5

192.0

466.8

818.7

68.2 9.6

YC-17

14

7.53 15.7 1,308

3.3

92.7

100.0

70.8

2.2

7.63

93.0

198.0

495.9

806.0

69.1 9.8

YC-18

9

7.63 16.4 1,205

3.2

73.8

121.0

41.6

1.84

5.03

71.6

163.0

405.4

735.4

69.2 10.2

918

45.1

1.46

6.26

67.7

138.0

375.5

616.0

72.6 9.8

155.0

244.0

90.3

3.39

7.27

195.0

285.0

755.6

1,364.6

67.9 9.5

YC-21

13

7.58 16.2 1,193

2.8

82.7

94.9

43.6

1.7

6.27

95.3

138.0

447.5

681.3

62.8 8.0

YC-23

15

7.57 13.6 1,956

1.3

176.0

177.0

105.0

2.72

4.79

163.0

325.0

459.3

1,332.9

65.3 9.2

YC-25

12

7.66 13.1 1,328

1.8

94.3

95.9

34.0

1.64

5.56

143.0

181.0

377.9

739.3

75.9 11.0

7.72 16.9 1,425

1.5

191.7

88.6

67.2

2.58

5.54

227.0

164.0

322.7

903.2

86.7 12.6

2.5

261.0

176.0

94.0

1.59

6.53

225.0

380.5

543.7

1,411.1

74.7 10.8

1.1

70.1

49.5

47.9

1.25

5.72

75.6

92.8

358.0

516.3

73.5 10.1

YC-26
YC-27

12

7.47 14

YC-28

12

7.68 12.1 923

2,050
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Well depth
Sample ID

(m)

pH

T

EC

K

Na

Ca

Mg

Sr

Si

Cl

SO4

HCO3

TDS

δ18O

3

(μS/cm)

δ2 H

( C)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(‰)

(‰)

(TU)

H

7.74 13.2 873

1.0

89.2

43.6

35.0

1.09

5.75

80.3

91.5

299.2

490.5

73.5 10.0

YC-30

15

7.30 12.7 3,580

6.5

590.0

148.0

163.0

3.11

4.97

435.0

791.0

704.0

2,511.1

70.6 9.8

YC-31

15

7.69 14

1,008

2.2

77.0

98.3

35.6

2.35

5.8

74.0

138.0

352.7

601.7

68.7 9.6

YC-32

13

7.70 14.7 4,930

3.6

945.9

235.8

200.7

4.16

4.36

1,180.6 880.7

340.8

3617.9

85.7 11.4

YC-33

22

7.62 14.7 6,000

2.0

953.0

458.0

98.1

4.2

6.22

1,247.0 1,253.0

407.8

4,215.3

60.8 7.4

YC-34

42

7.84 14.7 480

1.3

35.8

49.9

16.9

1.01

6.35

27.6

42.0

208.1

277.8

75.7 10.3

YC-35

15

7.81 15.4 391

0.5

45.4

32.5

10.8

0.639

6.37

11.1

6.3

238.0

225.9

91.7 12.6

YC-36

12

7.42 14.7 2,050

2.8

275.0

178.0

81.2

1.68

5.07

165.0

379.0

594.7

1,426.8

66.6 9.1

YC-37

15

7.45 13.5 1,627

5.8

163.0

112.0

108.0

1.92

5.8

132.0

271.0

565.2

1,074.7

72.6 10.1

YC-38

15

7.47 13.3 2,160

4.7

233.0

176.0

111.0

2.78

4.17

181.0

505.0

547.6

1,484.8

69.8 9.6

YC-39

18

7.63 16.9 1,357

7.1

150.0

112.0

57.6

1.27

4.96

113.0

230.0

405.8

872.9

70.6 9.7

YC-40

20

7.34 14.2 2,420

2.4

385.8

148.3

128.6

2.6

5.33

330.7

400.2

670.7

1,731.6

54.2 6.5

YC-41

32

7.58 11.2 2.024

2.59

206

148

112

2.41

6.06

221.4

283.7

521.1

1,240.6

77.1 10.8

9.91

YC-42

50

7.56 12.1 1.629

1.27

175

87.5

88.4

1.86

5.79

132.9

226.3

573.0

1,005.4

78.8 11.1

8.63

YC-43

10

7.36 13

2.9

246

136

137

2.66

4.77

185.8

413.2

556.5

1,498.1

71.1 9.9

8.03

YC-29

2.21
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Anions were analyzed on ﬁltered unacidiﬁed samples using an

dating. The YCP locates in the Northwest China and is far

ion chromatograph (IC) (Metrohm 761 Compact IC). Analyti-

from the industrial city with low population density, and

cal errors were inferred from the mass balance between cations

thus, we would hypothesize that there is no clear difference

and anions (with HCO3) and were within ±10%.

in the atmospheric CFC concentrations between North

3

The H activities of groundwater were measured using a

America and the YCP. To evaluate CFC ages, the time-

liquid scintillation spectrometer (1220 Quantulus ultra-low-

series trend of Northern Hemisphere atmospheric mixing

level counters, PerkinElmer, Waltham, MA, USA) at the

ratio between 1940 and 2017 was adopted in this study.

Experimental Center of School of Environmental Studies,

Measured CFC concentrations (in pmol/L) can be inter-

China University of Geosciences (Wuhan). Water samples

preted in terms of the partial pressures of CFCs (in pptv) in

3

for H were distilled and electrolytically enriched prior to

solubility equilibrium with the water sample based on

being analyzed. Detailed procedures were followed by

Henry’s Law solubility (Table 2). The concrete computational

3

Morgenstern & Taylor (). H activities were expressed

process was the one followed by Plummer et al. (). In the

as tritium unit (TU), with 1 TU corresponding to a 3H/1H

arid northwest China, the local shallow groundwater tempera-

–18

3

. The achieved precision for H was ±0.2 TU.

ture was found more suitable than the annual mean surface air

The CFC concentrations were analyzed within 2 months

temperature to be estimated for the recharge temperature (Qin

of sample collection at the Groundwater Dating Laboratory

et al. ), as the local low precipitation usually cannot reach

of the Institute of Geology and Geophysics, Chinese Academy

the groundwater. Previous studies have demonstrated that irri-

of Sciences (IGG-CAS), using a purge-and-trap gas chromato-

gation inﬁltration and lateral ﬂow recharge from the piedmont

graphy procedure with an Electron Capture Detector, which

area were much more abundant than the vertical recharge

has been reported by Qin et al. (). The procedures were fol-

from the precipitation in the YCP. In this study, the measured

lowed by Oster et al. (). The detection limit for each CFC

groundwater temperature varied from 11.2 to 22.3  C from

is about 0.01 pmol/L of water, with the error being less than

each well (Table 1) as the recharge temperature was used to

±5%. The measured results are shown in Table 2.

estimate the groundwater recharge year. The water recharge

ratio of 1 × 10

year was then determined by comparing the calculated partial
pressures of CFC concentrations (in pptv) in solubility equili-

CFCs estimating groundwater recharge year

brium

with

the water

samples

with

historical

CFC

A knowledge of the history of the atmospheric CFC concen-

concentrations in the air based on the hypothesis of piston

trations is ﬁrst required for groundwater recharge time

ﬂow.

Table 2

|

Calculated results for CFC atmospheric partial pressure (pptv), fraction of post-1940 water, and young precipitation recharge year

Recharge year (calendar

Atmospheric partial pressure
Measured CFCs (pmol/L)

year)

(pptv)
Mixing post-1940 water in

Fraction of post-1940

Sample ID

CFC-11

CFC-12

CFC-113

CFC-11

CFC-12

CFC-113

decimal year (F12/F113)

water (BM, %)

YC-1

0.33

1.34

0.09

25.31

382.69

23.04

1986

53.1

1965

1985

1980

YC-3

0.33

0.82

0.11

23.28

217.23

25.71

1965

1975

1981

YC-6

2.21

2.56

0.38

158.31

687.69

90.28

1979

YC-10

0.61

1.64

0.14

45.70

458.24

34.99

1969

1988

1984

YC-11

4.48

1.91

0.25

319.13

510.15

59.10

1992

1988

YC-41

0.32

0.85

0.09

19.01

193.09

17.41

1974

1979

YC-42

0.52

0.89

0.12

32.36

210.77

24.44

1986

53.9

1966

1975

1981

YC-43

0.51

0.99

0.1

33.45

245.81

21.56

1982

73.5

1967

1976

1980

1983

BM, binary mixing, assuming a mixture of CFC-free water (pre-1940) with young water (post 1940).
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(Figure 3). This indicates that weathering of evaporite and
silicate has an inﬂuence on the geochemical compositions

Mechanisms controlling mineralization processes

of groundwater in the YCP. Yellow River water samples
overlap with some of the groundwater ones, indicating

Geochemical sources of groundwater

that either they have the same original mineral rocks or
they are derived from the same recharge sources.

Ion ratios and their relationship between each other provide essential information for identifying geochemical

Water–rock interactions

sources in groundwater. It is seen from Figure 3 that the
water samples are along the mixing trend among the sili-

The geochemical compositions of water within an aquifer

cate and evaporite end members obtained by Gaillardet

are usually inﬂuenced by many factors, including lithology,

et al. (). Spring water is located in the silicate end

dissolution and precipitation, ion exchange, mixing charac-

member (Figure 3(a)), which indicates different ion sources

teristic, and residence time. Water–rock interactions show a

and different recharge ﬂow pathways from the Yellow River

comprehensive reﬂection of many factors mentioned above.

water and groundwater samples. Spring water was col-

It is seen in Figure 4(a) that some ions and ion ratios are

lected in the piedmont area and was recharged from the

compared with each other to highlight the different mech-

mountainous groundwater lateral ﬂow during which the

anisms contributing to water–rock interactions in the

rock was found to be different from that in the plain area.

YCP. Chloride as an inert element is widely used for denot-

As weathering of different parent rocks (e.g. carbonate, sili-

ing inputs and providing information on water–rock

cate, and evaporite) yields different combinations of

interactions in groundwater. Figure 4(a) shows a linear

dissolved cations and anions to solution, the groundwater

relationship between Na and Cl, likely indicating that

in the plain area shows a relatively wide range and falls

some of the Na originated from halite dissolution. The vari-

on a line, indicating mixing between different rocks. Mean-

able molar Na/Cl ratios (calculated from Table 1) suggest

while, all of the water samples tend to fall within the

that large water–rock interactions occur. Furthermore, any

evaporite and silicate end members and are even far from

increase in molar Na/Cl ratios above 1.0 (Appelo &

the carbonate weathering domain, showing very low

Postma ) would suggest some reaction of silicate min-

values in the HCO3/Na and Mg/Na vs. Ca/Na plot

erals or cation exchange releasing Na at the expense of

Figure 3

|

Plots of (a) HCO3/Na vs. Ca/Na and (b) Mg/Na vs. Ca/Na in water samples in the YCP. The correlations are shown in a log–log space. The carbonate, silicate, and evaporite end
members obtained from Gaillardet et al. (1999) are presented.
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Plots of the relationship between various ions and their ratios of water in the YCP. Oceanic ratios and carbonate and gypsum dissolution trends in plot (f) are from Cartwright
et al. (2007).The solid lines represent the linear relationship of the results in (a), (c) and (d). The molar ratios of ±2 of Si/(Na-Cl) in (b) and the trends for Calcite dissolution and/or
Ca-silicate weathering and in Ocean in (e) are shown in dashed lines.

some other cation. Meanwhile, the linear Na and Cl are at

ratios in the groundwater (Ma et al. , ). The very

variance with the 1:1 ratio, which makes us infer that the

low molar K/Na ratios (mean 0.0210 calculated from

excess Na might have originated from silicate and other

Table 1) led us to conclude that albeit over K-feldspar

evaporates (inferred from Figure 3). Previous studies in

weathering would supply extra Na composition in the

the arid areas of Northwest China have demonstrated that

YCP groundwater. Therefore, the following chemical

feldspar weathering would contribute to the high Na/Cl

equation for albite weathering, which releases Na, partially
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member but distribute close to the ocean and carbonate dissolution end members. Therefore, Figure 4(e) and 4(f) imply

2NaAlSi3 O8 þ 9H2 O þ 2H2 CO3

comprehensively that Sr typically results from signiﬁcant car-

¼ Al2 Si2 (OH)4 þ 2Na þ 2HCO3 þ 4H4 SiO4

(1)

bonate dissolution, though some Sr-bearing evaporites such
as gypsum and celestite can signiﬁcantly elevate the concen-

It is seen from Figure 4(b) that the molar ratios of

trations of Sr in groundwater. Meanwhile, Figure 4(f) shows

Si/(Na–Cl) for groundwater (except for groundwater No. 25)

relatively high molar 1,000*Sr/Ca ratios for the groundwater

and Yellow River water totally show low values with a mean

(varying from 4.1 to 16.6 with a mean value of 7.9), which

value of 0.47, which is largely smaller than 2. When consider-

could be ascribed to calcite precipitate during the water–

ing only the albite weathering followed by Equation (1), it

rock interaction processes.

would result in a molar Si/(Na–Cl) ratio of ±2 for the ground-

To examine which minerals would dissolve or precipitate

water. Therefore, we could make a hypothesis that the excess

in the aquifer, the saturation indices (SIs) with respect to

Na probably did not originate solely from silicate weathering,

halite, dolomite, calcite, gypsum, and anhydrite of all water

as no silicate weathering reaction could explain such a low

samples in the YCP were calculated using PHREEQC 2

ratio (Stallard & Edmond ). Figure 4(c) shows a good

(Parkhurst & Appelo ). Figure 5(a) and 5(d) display

2

linear relationship between Na and SO4 (R ¼ 0.8996,

logarithmic trends between SIs (halite, gypsum, and anhydrite)

meq./L), indicating that sodium sulfate (Na2SO4) dissolution

and ion concentrations, respectively (Cl and SO4, in meq/L), in

is likely be another potential source of excess Na. Figure 4(d)

which the negative SIs indicate an undersaturated state and

also displays a good linear relationship for Ca þ Mg and

these minerals in sediments can easily enter the groundwater.

HCO3 þ SO4 for all of the water samples and generally distri-

In contrast, in Figure 5(b) and 5(c), it is seen that dolomite

butes along the 1:1 stoichiometry ratios, which indicate that

and calcite SIs are both positive values, indicating an oversatu-

Ca, Mg, HCO3, and SO4 are most probably derived from a

rated state with respect to calcite and dolomite mineral phases

dissolution of calcite, dolomite, and gypsum. Alternatively,

for all of the waters. This phenomenon also supports the

the small variance from the 1:1 stoichiometry ratio when

hypothesis inferred from Figure 4(f) that the high molar Sr/Ca

HCO3 þ SO4 was high would make us infer that there are

ratios in the water samples are due to calcite precipitation.

other sources from HCO3 and SO4. It is seen in Equation

The mineral SI implies important information concern-

(1) that this reaction would generate HCO3 and, thus, account

ing groundwater ﬂow pathways and residence time, which

for the high HCO3 contents. Considering the charge balance

have been proved in previous studies in the arid areas

between anions and cations, the excess negative charge of

(Edmunds et al. ; Ma et al. ). Synthesizing the

HCO3 and SO4 must be balanced by Na, which suggests

sampling site and groundwater levels (shown in Figure 1),

that sodium and bicarbonate can be trolled by the dissolution

we can infer that mineral saturation increases gradually

of trona (Na2CO3·NaHCO3·2H2O) to some extent. Trona dis-

along the ﬂow paths from Wuzhong (southern and pied-

solution has been widely conﬁrmed in the groundwater in the

mont area of the YCP) and Yinchuan (west of the YCP) to

arid Northwest China (Ma et al. , ).

Shizuishan and Yellow River circum, which is common in

It is seen in Figure 4(e) that the molar Sr/Cl ratios vary
from 0.00032 to 0.00142 in the study area and are overall

the regional groundwater ﬂow paths from the recharge
zone toward the groundwater discharge zone.

higher than that in the ocean (Cartwright et al. ), indicating that the additional sources of Sr, except for the ocean,

Shallow unconﬁned aquifer recharge and mixing

would be attributed to the water–rock interactions. Calcite

characteristics

dissolution and/or Ca-silicate (for example, anorthite) weath-

Groundwater recharge sources based on δ2H, δ18O and
CFCs

ering might account for the high Sr/Cl ratios. Furthermore,
Figure 4(f) displays three end members that explain different
contributions to the Ca and Sr ratios. It is seen that all of the

As water molecule components, the stable isotopes (2H and

water samples deviate from the gypsum dissolution end

18
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Plots showing relationships of SIs for (a) halite vs. Cl, (b) dolomite vs. HCO3, (c) dolomite SI vs. calcite SI, and (d) gypsum and anhydrite vs. SO4 of water samples in the study area.

water mixing, aquifer recharge, and groundwater ﬂow pro-

(LMWL, the data are from rainfall in the Yinchuan station

cesses. Their isotope proportions vary immediately when

of IAEA networks during 1988 and 2000), indicating the

physical and chemical conditions change, for example temp-

meteoric origins. Yellow River water and spring water plot

erature, air humidity, wind speed, when contacting with

near the winter average rainfall, which indicate that they

surrounding rock, and so on. Modern precipitation is gener-

are recharged from the winter rainfall (or snowmelt) or

2

18

O than paleo-meteoric

from the area with high elevation. Groundwater displays

precipitation due to the higher temperatures in modern-

divergent distribution along the LMWL, indicating various

day climates. Furthermore, precipitation in the winter

recharge sources with different isotope values. Summer

and/or with higher elevation generally occurs with more

mean rainfall with more enriched δ2H and δ18O is isolated

depleted isotopes, and, thus, the groundwater recharge

from all of the water samples in the YCP, which indicates

sources from different elevations and from different seasons

little summer rainfall recharge under the local meteorologi-

could be identiﬁed. Based on the above considerations, the

cal condition.

ally more enriched in

H and

relationship between δ2H and δ18O from the precipitation

Figure 6(b) shows that spring water and some of the

collected in different months, the annual precipitation

groundwater lie along the LMWL but do not deﬁne the

mean values, and the water samples collected in the study

evaporation trend, implying that little evaporation and iso-

area are displayed in Figure 6.

tope exchange between groundwater and the rock matrix

It is seen in Figure 6(a) that all of the water samples in

have occurred. Other groundwater samples locate near the

the YCP are plotted along the Global Meteoric Water Line

Yellow River water and, moreover, deﬁne an evaporation

(GMWL, Craig ) and the Local Meteoric Water Line

trend (with a slope of 5.5) to the right of the LMWL. The
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(a) Plot of stable isotopes for Yellow River water, spring, and groundwater investigated in Yinchuan Plain as compared with the GMWL (Craig 1961) and the LMWL (rainfall in the
Yinchuan station of IAEA networks during 1988 and 2000). ‘Mean rainfall’ refers to the amount-weighted mean rainfall isotopic value. (b) Shaded region from plot (a).

intersection point of the LMWL and evaporation line is

into the aquifer, confusion arises in the calculation of the

roughly overlapped with the Yellow River water, suggesting

groundwater age because the CFCs are water-soluble. There-

the same recharge sources for both the Yellow River water

fore, in this study, we use CFC concentrations to estimate

and groundwater. The slope of evaporation line is as low

only the recharge year regardless of the groundwater age.

as 5.5 due to the dry air humidity, which is reasonable in

Figure 7 displays the relationship between CFC concen-

the arid areas. Therefore, we can hypothesize that the

trations and recharge year (calendar year) of groundwater,

Yellow River supplies water to the shallow unconﬁned aqui-

which is calculated following the method by Plummer

fer in the YCP during which the water molecule fractionate

et al. (). The estimated CFC atmospheric partial

leads to enriched isotope values in the residual groundwater.

pressure and recharge year are shown in Table 2.

Irrigation water is being extracted from the Yellow River for

The collected groundwater recharge year varies from

the last more than 60 years in the YCP; moreover, precious

1964 to 1979 based on CFC-11, from 1974 to 1992 based

hydrogeological studies have given a consistent opinion that

on CFC-12, and from 1979 to 1988 based on CFC-113.

irrigation water inﬁltration dominates the shallow uncon-

There are some discrepancies among the three CFC-estimated

ﬁned aquifer recharge. As a result of the irrigation

recharge years shown in Figure 7, where the CFC-11-based

inﬁltration and local rainfall recharge, the groundwater

recharge years are the oldest, while the CFC-12-based and

recharge sources might be relatively young and the recharge

CFC-113-based recharge years are much younger and agree
within 4–5 years. We speculate that this phenomenon could

year could be estimated based on the CFCs.
CFCs were ﬁrst synthesized in the 1930s, and they can

be ascribed to some factors as follows. Firstly, despite the

be dissolved in water with various solubilities. The CFC con-

groundwater estimate that CFC-based recharge years presup-

centrations and

3

H activities in groundwater have been

pose

the

piston

ﬂow

with

no

mixing

during

the

widely used to study the young water recharge (post 1940).

groundwater recharge and ﬂow processes, water mixing

As can be seen in Tables 1 and 2, groundwater with well

occurs all the time. The young water (recharge post 1940)

depths between 5 and 50 m have detectable CFC concen-

mixes in various proportions in the shallow unconﬁned aqui-

trations (0.32–4.48 pmol/L for CFC-11, 0.82–2.56 pmol/L

fer. Furthermore, generally there are two water sources for

3

for CFC-12, and 0.09–0.38 pmol/L for CFC-113) and H

irrigation, one extracted from the Yellow River water and

activities (3.14–10.48 TU), which evidently indicate the

the other from the local groundwater. These two water

modern water recharge. When old water (pre 1940) is

sources have different CFC concentrations and have different

extracted and exposed into the air and then re-inﬁltrated

recharge ratios for a shallow unconﬁned aquifer in the YCP.

Downloaded from http://iwaponline.com/hr/article-pdf/52/3/658/900876/nh0520658.pdf
by guest

671

Figure 7

Y. F. Gong et al.

|

|

Geochemistry and isotopes constrain groundwater recharge and mineralization

Hydrology Research

|

52.3

|

2021

Concentrations of CFC-11, CFC-12, and CFC-113 (pptv) in the groundwater of this study area sampled in 2019 compared with the time-series trend of the Northern Hemisphere
atmospheric mixing ratio.

Secondly, there are time lags for CFC transport through the

recharge in the shallow unconﬁned aquifer is less and that

unsaturated zone (Cook & Solomon ), which cause differ-

irrigation re-inﬁltration from the Yellow River water or

ences in the CFC concentrations. Moreover, the extent of

groundwater plays an important role in the local ground-

degradation for CFC-11, CFC-12, and CFC-113 varies. Degra-

water recharge. Previous studies that used the water

dation, especially for CFC-11, is common in an anaerobic

balance method also proved that irrigation inﬁltration con-

environment (Plummer et al. ; Horneman et al. ),

stituted the main recharge source in the YCP.

which reduces the CFC-11 concentration in the groundwater

The inconsistency in the estimation of the recharge years

and then leads to the relatively old recharge years based on

based on CFC-11, CFC-12, and CFC-113 could be attributed

CFC-11. It is unlikely that a groundwater aerobic environ-

to the time-lag effects occurring during water inﬁltration,

ment

anoxic

which have been veriﬁed in other research studies. The

conditions. However, the ﬁne soil textures in the lacustrine

time lag for the diffusive transport of CFCs through an unsa-

contributes to

CFC

degradation

under

plain (Figure 2) lead to a relatively low inﬁltration process,

turated zone to aquifers is a function of the tracer solubility in

and, thus, CFC-11 has shown a greater propensity for degra-

water, tracer diffusion coefﬁcients, and soil water content

dation and/or contamination than CFC-12. Therefore, the

(Cook & Solomon ; Qin et al. ; Darling et al. ).

CFC-12-based recharge year is discussed in the following text.

Figure 7 shows that time lag might be an important factor

It is seen in Figure 7 that No. 10 and 11 groundwater

that inﬂuences the groundwater recharge year in the YCP.

samples have the youngest recharge years, followed by the
No.1 groundwater sample. Figure 1 shows that No.10 and

Groundwater recharge and mixing characteristics

11 groundwater samples are located at the west of Yinchuan
and are adjacent to the piedmont plain, where the soil tex-

The atmospheric CFC concentrations vary independently, as

ture consists of pebbles and sandy gravel (Figure 2). No. 1

seen in Figure 7, which provide us with more information on

groundwater locates near the Yellow River southeast of

groundwater recharge and mixing characteristics by com-

Yinchuan and is far from the piedmont area, which also

paring CFC-11, CFC-12, and CFC-113 with each other.

has a relatively young recharge year. This phenomenon

Firstly, young water (post 1940) recharge and old water

would make us infer that the groundwater lateral ﬂow

(pre 1940) recharge sources can be recognized and
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distinguished. Secondly, it helps us to explore quantiﬁed

Using the method described by Plummer et al. (),

data to study the groundwater mixing in which both young

the binary mixing (Figure 8(a)) results show that the frac-

water and old (CFC-free) water coexist. Thirdly, the abnor-

tions of young water vary from 53.1 to 73.5% (Table 2) for

mally high CFC concentration indicating urban industrial

the No. 3, 41, 42, and 43 groundwater samples. Here, we

contamination can be recognized.

should be wary of the fact that the young water recharge

As shown in Figure 8(a), groundwater samples can be

sources could have originated from the precipitation or irri-

divided into two groups. No. 3, 41, 42, and 43 groundwater

gation re-inﬁltration from groundwater and Yellow River

samples locate in the gray-shaded region, suggesting that the

water.

recharge sources are comprised by at least various fractions

Furthermore, the cross plot for CFC-12 and CFC-11

of much younger (post 1980) and older recharge com-

(Figure 8(b)) shows that all of the groundwater samples lie

ponents. The other groundwater samples locate out of the

off the piston ﬂow curves, which indicates that contamination

piston ﬂow line, which can be ascribed to CFC-12 contami-

from the urban air with CFC compounds during sampling or

nation or CFC-113 degradation. No. 1, 10, and 11

degradation/sorption of CFC-11 has occurred. Nevertheless,

groundwater samples are in the lower part of the atmos-

previous studies in the arid Northwest China (Barletta et al.

pheric CFC concentrations mostly be due to the CFC-113

; Qin ) have demonstrated that the urban air with

degradation effect. However, the No. 6 groundwater

CFC compound contamination in the underdeveloped indus-

sample shows an obvious contamination effect for both

trial areas are unlikely. The elevated CFC concentrations,

CFC-12 and CFC-113 concentrations. It is noticed that

which are much higher than the global background atmos-

there is a possibility in Figure 8(a) for some ambiguity

pheric CFC concentrations (Northern Hemisphere), have

around the crossover in the late 1980s, which can result in

been observed in areas such as Las Vegas, Tucson, Vienna,

ambiguous mixing end members when estimating the

and Beijing (Barletta et al. ; Han et al. ; Qin ;

water mixing ratio. However, in this study, No. 3, 41, 42,

Carlson et al. ). Therefore, in Figure 8, groundwater plot-

and 43 groundwater samples show exclusive binary mixing

ting off the piston ﬂow lines might be ascribed to the sorption

characteristics, where the end members are CFC-free water

effect. Sorption in the unsaturated zone during recharge

(pre-1940 recharge) and young water recharged during the

rather than the CFC degradation under anoxic conditions is

period between 1980 and 1989 (no post-1989 recharge

more plausible. In addition, No.11 groundwater CFC-11 of

water).

No. 11 and CFC-12 of No. 6 are off the piston ﬂow line to

|

Plots showing relationships of (a) CFC-113 vs. CFC-12 and (b) CFC-11 vs. CFC-12 in parts per trillion by volume (pptv) for the Northern Hemisphere air. The solid lines correspond

Figure 8

to the piston ﬂow and the short-dashed lines show the binary mixing. The ‘þ’ denotes the selected calendar year. The shaded regions in (a) indicate no post-1989 water mixing.
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much higher concentrations, which likely suggests that con-

activities. We can then infer that these water sources are

tamination of these two groundwater samples has occurred

mixed by young water and re-inﬁltration water (extracted

during sampling or measuring.

from old groundwater or Yellow River water). Northern

As a molecule of water, groundwater 3H activity does

hemisphere atmospheric 3H concentrations have been elev-

not vary largely after being exposed in the air, in contrast

ated radically since the 1950s, and, thus, old water recharge

to CFC concentrations. The combined use of CFCs and 3H

can be identiﬁed by anomalously low 3H activities in com-

may further help to resolve even more complicated mixing

parison with CFCs. Groundwater No. 6 has the lowest 3H

scenarios due to the large difference in the temporal pattern

activity and the highest CFC-12 concentration, likely indicat-

of the input functions between CFCs and

3

H, such as

ing that this water sample is extracted from the old

groundwater mixed with irrigation water and/or young

groundwater, which, meanwhile, would have been exposed

water mixed in different decades.

to the air and which ﬁnally re-inﬁltrates into the shallow

It is seen in Figure 9 that groundwater No. 1, 3, 41, 42,

unconﬁned aquifer. The low

3

H concentration can be

and 43 plot upward off the piston ﬂow line, which is the

ascribed to the dilution by a high fraction of old water,

same in Figure 8(a) (except for No. 1 sample in Figure 8(a)).

and, thus, the ‘3H bomb-peak’ cannot be recognized. Irriga-

Binary mixing can be explained as follows: ﬁrstly, these

tion

re-inﬁltration

can

cause

a

shift

in

the

CFC

3

groundwater sources are mixing water recharged in 1989

concentrations to higher values but not alter the H concen-

and between 1940 and 1974, which does not include CFC-

tration (Han et al. ). Groundwater No. 10 and 11

free water recharge. Secondly, they are mixing water

contain both high CFC-12 concentrations and 3H activities,

recharged after 1974. If the second explanation is valid,

which could be possible due to mixing with Yellow River

the binary mixing ratios that are estimated based on CFC-

water re-inﬁltration. Irrigation from Yellow River water

12 and CFC-113 should be the other alternative.

has been going on unhindered for more than 60 years in

Figure 9 also displays that groundwater No. 6, 10, and
3

11 have high CFC-12 concentrations but relatively low H

Figure 9

|

3

the YCP, during which re-inﬁltration to the shallow unconﬁned aquifer is possible.

H activity (TU) in Yinchuan precipitation decayed to 2019 vs. CFC-12 (pptv) for Northern Hemisphere air. The solid lines correspond to the piston ﬂow and the short-dashed lines

show the binary mixing. The ‘þ’ denotes the selected calendar year.
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DATA AVAILABILITY STATEMENT
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O, 3H, and

CFCs) combining geochemistry with major ions and

All relevant data are included in the paper or its Supplementary Information.

selected trace elements have enabled us to identify the shallow unconﬁned aquifer recharge sources and to constrain
the young and old water end member mixing rates.
The shallow unconﬁned aquifer recharge sources are
various, including the precipitation recharge in the winter
and/or the Helan mountainous precipitation inﬁltration
and then the lateral ﬂow recharge, and the irrigation water
re-inﬁltration abstracted from the local groundwater and
the Yellow River. The detailed analysis for groundwater
CFC concentrations and 3H activities from the piedmont
plain in the Yinchuan west to the lacustrine plain beside
the Yellow River suggests that irrigation re-inﬁltration
plays a key role in controlling the shallow unconﬁned aquifer recharge source. As high as 53.1–73.5% young water
ratios have been obtained in the shallow unconﬁned aquifer
in the plain area, where the groundwater mixing characteristics are complicated because of the multiple mixing
ratios between young and old water. Regional groundwater
geochemical compositions are totally controlled by the
groundwater ﬂow pathways form the piedmont plain in
the west/south to the lacustrine plain the east/north of the
YCP, where evaporite and silicate weathering are the dominant mineral sources. Comparing the shallow and deep
aquifer groundwater hydrogeochemical and isotopic data
would provide a comprehensive understanding of the
regional groundwater ﬂow and recharge. Our CFC data indicated that entrapped excess air has been observed in some
shallow groundwater sources, which makes the use of
CFCs difﬁcult to study the water cycle. Multiple tracer
methods are essential to do further research. To sum up,
this study provides quantitative indicators for the shallow
unconﬁned aquifer recharge and mixing characteristics,
which is of great practical signiﬁcance to sustainable water
management in the YCP of arid Northwest China.
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