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Origin and hydrochemical
evolution of confined
groundwater in Shanghai, China

Guanghui Zhan'?*, Jingzhu Li*?, Hanmei Wang'?, Xiaohua Wen'?
and Hua Gu™?

'Shanghai Institute of Geological Survey, Shanghai, China, ?’Key Laboratory of Land Subsidence Monitoring
and Prevention, MNR, Shanghai, China

Confined groundwater is an indispensable resource for the urban security of
Shanghai, China, where multi-layer aquifer structures and human activities create
a complex groundwater environment. An understanding of the hydrochemical
characteristics and evolutionary mechanisms of groundwater is necessary for its
protection and effective utilization and will be explored in this study. A total of
87 groundwater samples were collected from five confined aquifers.
Hydrochemistry analysis methods such as Durov diagram, Gibbs model and
Saturation index were used to determine the origin and hydrochemical
evolution of the confined groundwater. The results show that the samples
have two different origins, marine—continental and continental, which have
different hydrochemical characteristics. Cl™= content of 7.5 meq L™ was used as
a demarcation index for the two origins. The groundwater with a
marine—continental-origin is dominated by ancient seawater from which Na*
and Cl are derived, whereas Ca®*, Mg?*, and HCOs™ are derived mainly from
carbonate dissolution. Groundwater with a continental-origin is dominated by the
effects of water—rock interaction, where major ions are derived mainly from
silicate weathering and carbonate dissolution. In both types of groundwater, SO 4%~
is mainly derived from insoluble sulfides that are present in low quantities, whereas
SO, in the few samples with high insoluble sulfide content is derived from human
activities. Cation exchange is another controlling factor regarding the
hydrochemical composition of groundwater, and water from the two origins
have different reaction modes as follows: reverse cation exchange is dominant in
marine—continental groundwater, whereas positive cation exchange is more
common in continental groundwater. Over the past century, saline water has
been flowing into the groundwater funnel region due to human activities, which
has resulted in changes in the hydrochemical composition. The recent influx of
fresh groundwater and artificial recharge has caused groundwater salinization and
mineral re-dissolution.

KEYWORDS

hydrochemistry, groundwater origin, Shanghai, water—rock interaction, ion source

1 Introduction

Confined groundwater is an important high-quality water resource for domestic and
industrial purposes (Zhang et al., 2016), but its over-use causes serious problems. Globally,
changes in the hydrochemical composition of groundwater threatens resources in many
regions, especially in economically developed delta areas (Gan et al.,, 2018; Wang et al., 2022).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2023.1117132/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1117132/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1117132/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1117132&domain=pdf&date_stamp=2023-03-31
mailto:zhangh2007@126.com
mailto:zhangh2007@126.com
https://doi.org/10.3389/feart.2023.1117132
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1117132

Zhan et al. 10.3389/feart.2023.1117132

A

China
B

Ay
Yangtze RiverDelta™._
.
e «\ Jinsh
';‘, Groundwater sampling site A——A' Section line
= “_ ® | aquifer ¢ IV aquifer District
pa— ¥ 0o § 10 20 Kilometers ® I aquifer &V aquifer
T T T | 111 aquifer

FIGURE 1

Map of the study area showing groundwater sampling points. (A) Map of China. (B) Map of the Yangtze River Delta. (C) Map of Shanghai.

Therefore, an understanding of the hydrochemical origins and
controlling factors of groundwater is necessary for its
development and protection.

The five confined aquifers in the Shanghai study area developed
in an unconsolidated alluvial formation deposited under alternating
marine and continental sedimentary environments. There is a weak
hydraulic connection between the five aquifers, except where the
aquifers are physically connected. Large quantities of high-quality
groundwater are confined in Shanghai (Zhang et al., 1999), which
has provided an enormous contribution to economic development
over recent decades (Jang et al., 2012). However, over-exploitation
and artificial recharge have greatly affected the groundwater
has

considerably changed in some regions. Increasing attention had

environment, and its hydrochemical composition
been focused on fluctuations in groundwater levels because of the
serious land subsidence caused by groundwater exploitation (Huang
et al, 2021; Li et al,, 2021), but there have been few reports on the
hydrochemical characteristics and evolutionary mechanisms of
groundwater, and the use and protection of groundwater has
little The

hydrochemical characteristics, and its classification should be

received attention. origins of groundwater,
considered in detail to delineate groundwater boundaries and
predict saline expansion/contraction (Yang et al,, 2018; Li et al,

2022). The Yangtze River Delta is an ideal location to conduct such a

study.

The aim of this study was to apply hydrochemical methods in (1)
describing  groundwater hydrochemical characteristics, 2)
Frontiers in Earth Science

identifying sources of groundwater and establishing their
demarcation index, 3) identifying the sources of major ions in
groundwater, 4) explaining the hydrochemical evolution of the
water of different origins, and 5) elucidating the influence of
human activities on groundwater. As a result, these methods
provide a scientific basis for groundwater utilization and

protection planning.

2 Materials and methods

2.1 Study area

The study area is the mainland part of Shanghai in the flat
alluvial plain of the Yangtze River Delta at the mouth of the
Changjiang River with an area of 5300km® within
120°52'-122°12'E and 30°40’-31°53'N (Figure 1). Quaternary
deposits are widely distributed in the area with a thickness of
250-350 m increasing W-E. The aquifers are comprised mainly
sand and clay in loose Quaternary sediments and include aphreatic
aquifers and five confined aquifers (Figure 2). This study focused on
the latter.

Aquifers I-V were formed during the early to middle-late
Pleistocene and their characteristics are shown in Table 1.

The groundwater system in the study area is not a stand-alone
system and is part of the Yangtze River Delta system, where confined
aquifers are the predominant type. In its natural state, groundwater
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FIGURE 2

Cross-section showing hydrological conditions along the (A,A’) transect.

TABLE 1 Characteristics of aquifers in the study area.

Aquifer

Depositional age Q? Q Q} Q} Q
Depositional environment Coastal-fluvial =~ Coastal-fluvial Coastal-fluvial Fluvial Fluvial
Lithology Fine sand Medium sand Medium sand and coarse sand = Medium sand, coarse sand | Medium sand and gravel
Depth (m) 30-40 60-70 110-120 130-180 250-280
Thickness (m) 3-18 20-30 20-30 ‘ 60-80 10-40
Water yield of a single well (m?/d) 300-500 1,000-3000 1,000-3000 ‘ 3000-5,000 1,000-3000

flows mainly NW-SE. In general, the groundwater is characterized
by weak hydrodynamic conditions and a low flow rate. Recharge is
mainly through lateral inflow, although artificial recharge has
become an important source in recent decades, and discharge is
mainly from anthropogenic extraction.

2.2 Sampling and analysis

For sampling, 87 wells were selected to provide a balanced
regional distribution. Groundwater samples were collected in
September 2018, and 19, 19, 19, 17, and 13 samples were
collected from aquifers I-V, respectively (Figure 1).

Prior to filling, all sample bottles were rinsed three times with
sample water. Samples for the cation analysis were collected in
500-mL HDPE bottles and then five drops of concentrated nitric
acid were added; those for anion analysis were collected in 1000-
mL glass bottles without preservatives. All samples were stored
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on ice in the field and transferred to 4°C storage until ready for
analysis.

The concentrations of Na*, K*, Ca*", Mg**, Cl', and SO,*" were
determined by ion chromatography, HCO5;™ was determined by
acid-base titration, and total dissolved solid (TDS) concentrations
were determined using gravimetric analysis (drying at 105 °C). The
analysis accuracy was assessed through the ion-balance error of +5%.

2.3 Durov diagram

The Durov diagram, which is used to study hydrochemical
characteristics and facies (An et al, 2014; Gu et al, 2018),
comprises two triangles, a central square, and two rectangles
(Figure 5). The left and top triangles indicate the concentrations
of cations and anions, respectively, the centrals square shows
hydrochemical facies, and the right and bottom rectangles
indicate TDS concentration and pH, respectively.
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TABLE 2 Analysis results for confined groundwater samples.
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TABLE 2 (Continued) Analysis results for confined groundwater samples.

Aquifer Index Unit Min Max Mean SD Aquifer Index Unit Min Max Mean SD
pH - 6.99 8.36 7.49 0.36 Na* mg/l 105.18 628.03 283.28 160.89
K mg/l 1.61 38.25 12.18 11.50 Ca* mgl 637 91.21 25.45 23.05
Na* mg/l | 15464 220616 @ 1,119.16 | 594.68 Mg’ mgl 1701 80.93 38.15 20.88
Ca® mg/l | 6220 95843 | 33436 | 220.97 HCO,” | mgl 7872 49937 | 24087 | 124.96
! Mg mgl | 6919 42294 18631 85.32 cL mg/l | 6523 111487 42101 | 362.02
HCO,” | mgl 3149 128086 44862 | 296.23 SO4> mg/l 020 192.27 23.02 54.78
cL mg/l | 55024 594206  2644.55 | 1376.07 TDS mg/l 342 1974 940 526
SO.> mg/l 020 13.53 423 4.06
TDS mgl 1306 9690 4562 2206
2.4 Gibbs model
pH - 7.06 8.36 7.52 0.32
K mg/l 1.10 64.01 12.11 1371 The Gibbs model is effective in elucidating hydrochemical
Na* mg/l 3512 | 2676.06 366.57 86731 processes (Gibbs, 1970; Gibbs, 1972). This model is based on
groundwater hydrochemical processes being mainly controlled by
2+
Ca mg/l 3528 58468 24095 | 155.66 water-rock interaction, evaporation, and precipitation (Farid et al.,
I Mg mgll | 2097 30281 140.95 98.70 2015; Wang et al,, 2022). For this study area, the hydrochemical
processes were adjusted to include rock-water interaction, marine-
HCO,” | mgl 1574 64877 | 29455 | 153.86 . i . ) .
origin, and recharge (including lateral inflow and artificial recharge).
cL mg/l | 449 551866 203100 = 1864.13
SO,> mg/l 0.67 28.58 6.56 6.84 ) )
2.5 Saturation index
TDS mg/l 316 8846 3475 2869
11 pH - 6.92 9.42 7.86 0.66 The saturation index (SI) is used to describe the solubility
equilibrium of minerals in water (Rezaei et al., 2005). SI =
K mg/l 121 81.03 12.97 20.06 . o o
log(IPA/Ksp), where IPA is the ionic activity product of
Na* mg/ll 3210 472798 87089 | 1,347.78 dissolved mineral constituents and Ksp is the solubility product
Ca? mgl 397 789.17 167.15 23851 of the mineral. SI values of 0, >0, and <0 indicate saturated,
supersaturated (precipitation may occur), and undersaturated
Mg mgl 837 414.43 11645 = 149.88 . . .
(dissolution may occur) groundwater, respectively.
HCOs~ | mg/l 3904  687.66 = 28255 | 15207
cL mg/l 383 931029 178192  2773.69 . .
3 Results and discussion
SO,> mgl |~ 020 113102 6426 25843
DS | mgl | 250 | 16522 | 3176 | 468 3.1 Hydrochemical characteristics of
confined groundwater
pH - 7.30 9.38 8.04 0.56
K mg/l 1.32 19.38 420 4.18 The ionic contents of the studied samples are shown in Table 2.
The hydrochemical characteristics of aquifers I and II were generally
Na* mg/l 6567 = 2007.69 ~ 298.84 | 45631 o ' .
similar, as were those of aquifers IV and V. The ion contents of
Ca | mgl | 422 | 26267 | 5401 68.98 aquifer I1I were the most variable with high standard deviation (SD)
Iv Mg mg/l 981 263.52 44.02 50.83 values, which indicated that the spatial distribution of groundwater
is somewhat variable in terms of hydrochemical composition.
HCO;" 1 2197 4l6. 2522 129.67 .
€Oy mg/ ? 688 8 The pH values of groundwater were in the range of 6.99-8.36,
cL mg/l 632 443707 51981 | 1,051.50 7.06-836, 6.92-9.42, 7.30-9.38, and 7.50-9.09 for aquifers I-V,
0 mgl 020 538 - 1338 respectlvely. Aquifers ¥—III were.neutr.al to shghtl?l a]ka].me, and
aquifers TV-V were slightly alkaline with the pH increasing from
TDS mg/l 246 7010 1,084 1,593 aquifers I to V.
v pH B 750 9.09 822 045 TDS concentrations had a range of 246-16522mg L' and
decreased from aquifers I to V (Figure 3). All groundwater samples
K mg/l 1.83 18.79 5.59 458
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(Continued in next column)

in aquifer I were saline water with TDS >5000 mg L' in the west. In
aquifer IT, 68.4% of the samples were saline, with most in the southwest
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FIGURE 3

Spatial distribution of TDS in the study area. Dot sizes indicate TDS concentrations as follows: the larger the dot, the higher the TDS concentration.

(A) TDS concentrations of all samples in aquifer | were >1000 mg L™ and gradually increase from east to west; saline water was distributed throughout the
aquifer. (B) In aquifer II, 68.4% of samples had TDS concentrations >1000 mg L™ saline water occupies most of the aquifer. (C) In aquifer I1l, groundwater
TDS concentrations were markedly higher in the east than in the west. Additionally, saline water is mainly distributed in the eastern part of the aquifer,
whereas fresh water is mainly distributed in the western part of the aquifer. (D) In aquifer IV, most samples have TDS concentrations <1000 mg L™ with the
exception of one sample from the area connecting aquifers Ill and IV that had TDS = 7010 mg L™ and another from the same area in aquifer Il that had
TDS = 7654 mg L™*. We infer that there is a close hydraulic connection between the groundwater of aquifers Ill and IV in this area. (E) The groundwater of
aquifer V is mainly fresh water, but some brackish water with TDS of 1,000-2000 mg L™ is also present.
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Ranges of major-ion concentrations in confined groundwater aquifers.

having TDS >5000mg L'. There was a wide range of TDS
concentrations in aquifer III, from 250 to 16522 mg L', with fresh
water predominating in the west and saline water in the east. In aquifers
IV and V, most samples were fresh water. There were a few samples
with TDS >2000 mg L™ in the area connecting aquifers III and IV.
The range of concentrations of the major ions are shown in
Figure 4. Na* was the dominant cation with an order of
Na'>Ca’*>Mg**>K'. Of the anions, CI° had the highest
concentrations with clear dominance among all major ions in
aquifers I-III. The concentrations of K*, Na*, Ca®", Mg*", and
Cl™ generally decreased from aquifers I to III but had similar
concentrations in aquifers IV and V. Most samples had low
SO4*"and HCOj3 concentrations from all five aquifers (Table 2).

3.2 Hydrochemical facies of confined
groundwater

The hydrochemical compositions and characteristics of the
groundwater samples are indicated by the Durov diagram
(Figure 5), where samples from aquifers I and II are concentrated
on the Na* and CI” sides and those from aquifers III-V are scattered
in the upper half of the central square. This indicates that the
predominant hydrochemical facies of aquifers I and II are CI-Na,
whereas those of aquifers III-V are variable.

The hydrochemical facies of groundwater can also be described in
terms of TDS as follows: for TDS of <1000 mg L', hydrochemical facies
were variable and incduded HCO;Cl-Na, Cl-HCO;-Na,
HCO;-.Cl-Na-Mg, and ClIHCO;-Na-Mg, which were mainly
distributed in aquifers II-V. For a TDS of 1,000-2000 mg L™, the

Frontiers in Earth Science

hydrochemical facies were Cl-Na, Cl-Na-Ca, and Cl-Na-Mg, and
these are distributed mainly in aquifers I, IV, and V. For TDS of
2000-5000 mg L7, the hydrochemical facies were Cl-Na-Ca and
Cl-Na, which were mainly distributed in aquifers I and II. For
TDS >5000mg L', the hydrochemical facies were Cl-Na and
distributed mainly in aquifers I-IIL

3.3 Hydrochemical processes in confined
groundwater

The Gibbs diagrams for all groundwater samples are shown in
Figure 6. Most samples from aquifers I and II are plotted in the marine-
origin domain, whereas those from aquifer III are plotted in both the
marine-origin and rock-water-interaction domains, and those from
aquifers IV and V are plotted in the rock-water-interaction domain.
However, some samples from aquifers IV and V deviate from the Gibbs
model (Figure 6A). Therefore, we speculate that other factors may affect
the composition of groundwater, which makes Na* rich and Ca** poor.
A similar pattern of evolution applies to aquifers I-III as discussed in the
following section.

Quaternary strata studies (Qiu and Li, 2007) indicate that there
were seven marine transgressions in Shanghai during the Quaternary
period with aquifers I-III formed during transgression periods. The
presence of groundwater of marine-continental- and continental-origin
in the study area was verified. The distribution of the former may
account for most of aquifers I and II, and the eastern portion of aquifer
I11. The latter applies to the remaining aquifers, including small portions
of aquifers IT and ITT and most of aquifers IV and V. Further evidence is
provided in the following section based on an ion-ratio analysis.
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Durov diagram for confined groundwater samples.
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FIGURE 6
Gibbs diagrams for confined groundwater. The red circles indicate samples that deviate from the Gibbs model. (A) Gibbs diagrams of ions. (B) Gibbs
diagrams of anions.
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Relationships between ion contents of confined groundwater samples. (A) Relationship between Na* and Cl for all samples. (B) Relationship
between Na* and Cl™ for samples with Na* and Cl- concentration of <50 meq L™. (C) Relationship between (Mg**+Ca**) and HCOs for all samples. (D)
Relationship between (Mg?*+Ca?*) and HCOs~ for samples with (Mg®*+Ca®*) and HCOs~ concentration of <20 meq L™. (E) Relationship between
(Mg**+Ca®*-HCO3") and SO4* for all samples. (F) Relationship between SO,4?~ and TDS for all samples.
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3.4 Sources of ions in confined groundwater

The Quaternary sediments in the study area are comprised sand

and clay. X-ray diffraction and electron microscopy data for these
sediments (Qiu and Li., 2007) indicate that the diagenetic minerals
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in the aquifers are predominantly silicate (quartz, feldspar, kaolinite,
and illite) and carbonate (calcite and dolomite) rocks. Rock
weathering and dissolution are naturally controlled by the

hydrochemical composition of groundwater (Bau et al, 2004;
Kim, 2010) through typical reactions as follows:
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Cation-exchange analysis diagram of confined groundwater. (A) Relationship between (Mg?*+Ca**-HCO3 -S0,4*") and (Na*+K*-CL") for all
samples. (B) Relationship between (Mg?*+Ca®*-HCO3 -S0,4%") and (Na*+K*—CLl") for samples with low concentrations. (C) Relationship between Cl~ and
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Silicate dissolution:

2Na,K(1_AlSi;Og + 2CO, + 11H,0 — 2xNa" +2(1 - x) K*

+ ALSi,O5 (OH), + 4H,Si0, + 2HCO; (1)
Carbonate dissolution:

CaCO; + H,0 + CO, — Ca** + 2HCO; )
CaMg(CO;)* + 2H,0 + 2C0O, — Ca®* + Mg* + 4HCO;  (3)
Halite dissolution:

NaCl — Na* + CI” (4)
KCl - K" + CI” (5)

Ancient seawater is an important source of Na* and Cl” in the
groundwater  of The Na*/CI
equivalence ratio in seawater is 0.87 (Kunwar and Kawamura,
2014). A ratio of <1 indicates that the groundwater is affected
mainly by seawater, whereas ratios of >1 indicate that silicate

marine-continental-origin.

dissolution is more important (Eq. 1) and a ratio of 1 indicates
that halite dissolution is the primary source of these ions (Eqs 4, 5;
Gianguzza et al., 2004; Panno et al., 2006).

Bivariate plots for Na* and CI™ are shown in Figures 7A-B, which
shows two groups of samples separated by the CI” = 7.5 meq L™ line
(Figure 7B). Samples from aquifers I and II are distributed mainly below
the 0.87:1 line with Cl™ >7.5 meq L™, and samples from aquifers IV and
V are distributed mainly above the 1:1 line with CI” <7.5meq L™
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Therefore, the CI” = 7.5 meq L' line acts as a demarcation index to
identify groundwater origins in the study area. Some samples from the
aquifer V plot near the 1:1 line with CI” >7.5 meq L™ is due to halite
dissolution rather than seawater. Using the demarcation index of CI” =
7.5meq L7, it was determined that the proportions of continental-
origin groundwater samples in aquifers I-V were 0%, 26.3%, 52.6%,
70.6%, and 84.6%, respectively.

Carbonate dissolution and silicate weathering are the primary
sources of Ca**, Mg**, and HCO5" as indicated by the (Mg**+Ca*")/
HCO;™ ratio (Kenoyer and Bowser, 1992; Kim, 2010): a ratio
of <1 indicates that Ca** and Mg>* were derived primarily from
silicate weathering, and ratios of <1 indicate they were derived
primarily from carbonate dissolution.

Most samples from aquifers I and II and the east part of aquifer
III have (Mg**+Ca*)/HCO; ratios of >1 (Figure 7C), which
suggests carbonate dissolution as a source of Ca®* and Mg
Most samples from aquifers IV and V and the west part of
aquifer III have ratios of <1, which reflects the predominant
contributions of silicate weathering and carbonate dissolution.
Calcite and dolomite reach saturation or oversaturation in most
samples (SI >—0.5; Figures 10C, D), which indicates that carbonate
dissolution occurred throughout geological history. In summary,
the
marine—continental-origin groundwater, whereas both silicate

carbonate dissolution made greatest contribution to
weathering and carbonate dissolution contributed to continental-

origin groundwater.
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TDS and groundwater levels in the study areain 2009. TDS data are derived from Wei et al. (2010). Groundwater levels and flow directions are derived
from Gong, (2009). (A) Groundwater funnels in aquifer Il were mainly located in Songjiang in the southwest of the study area. (B) Groundwater funnels in
aquifer Il were mainly located in Songjiang and Qinpu in the western part of the study area. (C) Groundwater funnels in aquifer IV are similar to those in
aquifer [lI. Saline recharge from aquifer Il to aquifer IV in the area connecting the aquifers has been exacerbated by a decline in groundwater levels in
aquifer IV. (D) Groundwater generally flowed from east to west due to the decline in groundwater levels in the west part of aquifer V.

In the absence of anthropogenic sources, SO,*~ is derived mainly MgSO, — Mg** +SO;~ (7)
from evaporite deposits, such as gypsum, through hydrochemical
reactions as follows: The SO4* content of most samples was low (Figure 7F), and the

correlations between (Mg *+Ca**~HCO;") and SO, were poor

CaSO, — Ca’* +SO; (6)  (Figure 7E). Furthermore, most samples were undersaturated in
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Saturation indices of confined groundwater in the study area. (A) Saturation indices values for anhydrite. (B) Saturation indices values for aragonite.
(C) Saturation indices values for calcite. (D) Saturation indices values for dolomite.

gypsum (SI <-2; Figure 10A). Confined aquifers in the study area have
excellent sealing properties, low mobility, and long retention times, so
evaporite deposits such as gypsum are at low levels and SO,>” is mainly
derived from insoluble sulfides (Lang et al, 2011), although the high
SO,> contents of some samples are attributable to anthropogenic activity.

3.5 Cation exchange

In terms of hydrochemical processes and ion sources, Ca**, Mg’, and
Na* deviated slightly from the standard model, which implied that the
groundwater was affected by other factors. Cation exchange commonly
influences the evolution of groundwater composition (Tournassat et al,,
2009; Zheng et al., 2021) through typical reactions as follows:

8)
)

2Na* (rock) + Ca?* (water) = 2Na* (water) + Ca*" (rock)

2Na'* (rock) + Mg®* (water) = 2Na" (water) + Mg™* (rock)

The reactions on the right are positive cation exchange, and
those to the left are reverse cation exchange. The relationship
between (Mg**+Ca**~HCO; -S0O,>") and (Na'+K'-Cl") indicates
the mechanism of cation exchange (Figure 8).

Changes in (Mg*"+Ca®*~HCO; -SO,*") and (Na"+K"'—CI") for
the samples were opposite with a correlation coefficient of 0.98,
which indicated a strong negative correlation. In general, the anion
changes (Cl, HCO;, SO4*) in the groundwater were not
significant, so this negative correlation mainly reflects (Ca*,
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Mg*") and (Na*, K*). A clear relationship between (Ca®*, Mg*")
and (Na*, K*) is thus noted with cation exchange playing a major
role in controlling the hydrochemical compositions of groundwater.

The direction of cation exchange depends on the ionic adsorption
energy and concentration. The energy decreases in the order of
Ca**>Mg’*>K*>Na*, so positive cation exchange is more common
and leads to an increase in Na* and K* and a decrease in Ca*" and Mg**
concentrations in groundwater. However, 61% of the samples in the
study area exhibited reverse cation exchange with negative
(Na*+K*-Cl") and positive (Mg**+Ca**~HCO; —SO,*") values.

Reverse cation exchange is more common in water with CI”
content of >7.5meq L™ (Figures 8C, D), whereas positive cation
exchange is predominant with CI” <7.5 meq L™". This is consistent
with the demarcation index for groundwater origins (Section 3.4).
Reverse cation exchange is more significant in marine-continental-
origin groundwater, and positive cation exchange is more significant
in continental-origin groundwater with cation exchange explaining
the deviation of some samples from the Gibbs model and why the
Na*/CI" ratio is below the 0.87:1 line.

3.6 Anthropogenic activity and
hydrochemical evolution
As a drainage area of the Yangtze River Delta, aquifers in the

study area have received freshwater recharge throughout geological
history through lateral inflow, which compresses saline water within
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a certain range and limits its expansion and forms stable boundaries.
However, boundaries and hydrochemical characteristics have
changed over the past century due to groundwater exploitation.

Annual groundwater use exceeded 200 million m® in 1963, but it
is currently decreasing each year. During the heavy-use periods,
groundwater funnels develop due to excessive use, and saline water
flows into the fresh water. Thus, continental-origin groundwater
becomes marine-continental-origin groundwater (Figure 9). For
example, saline water from the east flowed into a groundwater
funnel to the northwest of Qingpu in aquifer III.

The expansion of saline water due to human activities over the
past century is widespread and has serious implications for
freshwater resources. Fortunately, Shanghai has adopted strict
controls on groundwater exploitation with annual use limited to
2 million m®. Artificial recharge has also been implemented. During
the 13th Five Year Plan period, the annual artificial recharge was
~20 million m® and through this the groundwater level rises each
year. However, artificial recharge has caused other problems,
notably, desalination and mineral re-dissolution.

Saturation indices were calculated with respect to gypsum,
aragonite, calcite, and dolomite in groundwater and are plotted
in Figure 10. It is generally considered that groundwater is saturated
at SI values of —0.5 to +0.5 (Liu, 2019). Most samples were
supersaturated or saturated in aragonite, calcite, and dolomite
(SI >-0.5; Figures 10B-D), which is consistent with weak
hydrodynamic conditions in the study area. However, a few
samples had SI values of <-0.5, which is possibly because of the
influx of fresh groundwater and artificial recharge and resulted in
the breakdown of hydrochemical equilibrium and renewed mineral
dissolution (Kanagaraj and Elango, 2019).

4 Conclusion

The hydrochemical characteristics of groundwater were studied
and trends in the study area were identified. These findings are
valuable for planning groundwater protection and utilization in

Shanghai.

Hydrochemical characteristics are dominated by the origin of
groundwater. Two groundwater origins were identified:
marine-continental- and continental-origin. For

marine-continental-origin groundwater, major ions are primarily
derived from ancient seawater and carbonate dissolution, and
reverse cation exchange is common due to high concentrations
of Na. Silicate weathering, carbonate dissolution, and positive cation
exchange predominantly contribute to the

composition of continental-origin groundwater.

hydrochemical

TDS contents of 1,000 mg L™' and hydrochemical facies do not
accurately identify the origins of groundwater, but Cl~ content of
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