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ABSTRACT

Large-scale artificial recharge is planning for controlling subsidence in the fourth confined
aquifer (A4) in Shanghai. However, it is unknown what negative impact would occur after
the injection of tap water into A4. Based on collected material and data available in some
sporadic experiments about tap water recharge to A2, A3, and A4 from the 1960s to the
1980s, this paper gave some evaluations on the changes of groundwater chemical characteris-
tics, migration range of recharge water in single well and groups of wells. And various fac-
tors affecting groundwater quality during the artificial injection were discussed. The results
showed that the physical and chemical composition of groundwater trended to that of
recharge water, maximum influence distance of recharge water in single well in A2 was
about 100m in 20years, and the maximum radius of groups of wells in A4 was about
1,000m, while the range causing significant changes in groundwater quality was less than
1,000 m. This information will offer scientific basis for the large-scale artificial recharge in the
near future.

Keywords: Artificial recharge; Tap water; The fourth confined aquifer; Land subsidence;
Groundwater quality

1. Introduction

The aquifer system of Shanghai is formed from
unconsolidated Quaternary sediments. The sediments
are about 200-350m thick, mainly composed of clay,
sandy clay, and sand. From the top down, it could
be divided into 12 layers: the phreatic aquifer (AO0),
the first aquitard (B1), the first confined aquifer
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(A1), the second aquitard (B2), the second confined
aquifer (A2), the third aquitard (B3), the third con-
fined aquifer (A3), the fourth aquitard (B4), the
fourth confined aquifer (A4), the fifth aquitard (B5),
the fifth confined aquifer (A5), and the sixth aqui-
tard (Fig. 1) [1].

Before 1963, the second and third confined
aquifer (A2 and A3) was the mainly developed layer
for extraction in Shanghai. Because of excessive
exploitation of groundwater, a regional groundwater
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depression had been formed. This lead to maximum
settlement rate more than 110mm/a [2] and serious
disasters of land subsidence. In order to control land
subsidence, Shanghai had taken plenty of measures to
prevent the disasters, including reducing groundwater
extraction, changing the layers of exploitation, and
artificial recharge [3,4]. These measures made the
groundwater level ascending gradually and gave
significant control of land subsidence. Meanwhile, the
fourth confined aquifer (A4) had become the mainly
developed layer instead of A2 and A3. Consequently,
A4 has been the major compressed layer since 1980s
[5,6].

In order to lift the water level to alleviate
subsidence in A4, a large-scale artificial recharge has
been planned [7]. However, groundwater in A4 pos-
sesses a better quality than recharge water, which
mainly comes from tap water. A question then arises:
what impact would occur after the injection of tap
water into A4.

Since the 1960s, a lot of organizations carried out
the artificial recharge of groundwater studies. How-
ever, most of them focused on the quality and con-
gestion problems in use of wastewater for artificial
recharge [8-11] and few exampled the use of tap
water for artificial recharge of groundwater. Based on
collected material and data available in some spo-
radic experiments about tap water recharge to A2,
A3, and A4 from the 1960s to the 1980s, this paper
gave some evaluations on the variations in ground-
water characteristics, migration range of recharge
water and various factors affecting groundwater qual-
ity during the artificial injection, so as to offer scien-
tific basis for the large-scale artificial recharge in the
near future.
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2. Variations in groundwater characteristics
2.1. Inorganic compounds

Seven injection wells (Yangl64-1, Pu67-2, Pu91-2,
Nanl-1, Yang156-1, Pu86-5, and Jing41-1) with a rela-
tive long-serial monitoring data were chosen to study
the characteristics of groundwater quality before and
after the tap water recharge.

The current groundwater had developed hundreds
of thousands of years, and the total dissolved solids
(TDS) is higher than surface water because of the dis-
solution of rocky components and minerals, as well as
some water ions, such as Na*, Ca®", Mg2+, and Cl.
When plenty of recharge water had been injected into
the aquifer, concentrations of Na", Ca?", Mg2+, and
ClI™ would decrease, as same as the TDS. Conse-
quently, the groundwater presented the trend of desa-
linization (Fig. 2).

In surface water, HCO; is one of the dominant
anions as a result of dissolution of atmospheric CO..
However, in rocky aquifer, there are lots of soluble
carbonates, and groundwater would dissolve these
carbonates during migration process, resulting in
higher concentration of HCO;. Thus, the injection
would lower concentration of HCOj;. By contrast, con-

centration of SO}~ is a bit low, about 0-20 mg/L. This
is due to lack of provenance substance in unconsoli-
dated sediments. Therefore, recharge activities would
rise up concentration of S0?2~, which come from tap
water (Fig. 2).

Iron and manganese contents are unevenly distrib-
uted in Shanghai. However, results showed a general
increase in iron and manganese contents after
injection of tap water. The phenomenon could also
been seen with lots of trace elements in groundwater,
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Fig. 1. Schematic stratigraphic section in Shanghai.
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Fig. 2. Variations of the major ions concentration in groundwater of some recharge wells.
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Fig. 2. (Continued)

such as copper, zinc, lead, cadmium, mercury, and
chromium, but arsenic was an exception. This was
because of the high concentration of arsenic existing
in some areas and recharge water made the dilution
of arsenic when mixing with groundwater.

2.2. Organic compounds

With respect to organic compounds, recharge
water brought plenty of organic contaminants into the

aquifer, which gives rise to higher figure of chemical
oxygen demand (COD). The COD of original ground-
water was generally 0.4-2.5mg/L; however, COD rose
up to 1.0-4.5mg/L after recharging. Table 1 illustrated
the average value of COD before and after the
recharge in A2, A3, and A4.

Due to the entrophication pollution in surface
water, nitrogenous compounds in groundwater were
focused particularly. NH;, NO, and NO;, were
selected as monitoring markers. Mostly, the main
form of nitrogenous compounds in groundwater was
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Table 1
The average value before and after recharge

Components A2 A3

A4

Before recharge  After recharge

NH; (mg/L) 2.01 1.74 2.07
NO, (mg/L)  0.003 1.54 0.013
NOj; (mg/L)  0.006 0.69 0

COD (mg/L)  2.06 3.29 135

Before recharge

After recharge  Before recharge  After recharge

1.43 0.53 1.32
1.20 0.007 1.30
0.80 0.113 1.78
3.54 0.79 4.05

NH;, while NO, and NO; were in low content. But
after recharge, content of NO,™ increased significantly
about ten times, while NOj increased slightly. How-
ever, NH; showed different trends in different con-
fine aquifers. Contents of NH; in original A2 and A3
were higher than tap water, while A4 had lower con-
tent. So After tap water recharge, NH; went up in A4
and down in A2 and A3. Table 1 gave the average
values of nitrogenous compounds and COD in A2,
A3, and A4. Nevertheless, the increase in due to NO;
not only from tap water recharge, but also from the
reduction of nitrate compounds.

3. Migration range of recharge water

In order to study the migration impact of artificial
groundwater recharge, tracer experiments were
designed, under conditions of single-well recharge
and groups of well recharge.

3.1. Single-well recharge

The chosen single well should satisfy the
conditions, both far away from other recharge wells
and less interference factors. For this consideration, a
single well located in Pudong District was selected
and recharge started at 1967. After five years, five
observation wells were set away from the well 14.0m
(H1), 24.7m (H2), 36.3m (H3), 59.2m (H4), and 68.1m
(H5), respectively (Fig. 3). And in the five years, a
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Fig. 3. Distribution of observation wells for single-well
recharge in A2.

total of 250,000m> of tap water were recharged into
A2 from the recharge well, as well as groundwater
extraction of 24,000 m°.

According to monitoring results, chloride content
was about 490mg/L at the well site, much higher
than the content of recharge water, while content of
SO~ was zero. The main form of chloride was Cl~,
which was chemically stable and had strong migration
capability. So CI” was considered for the ideal tracer.
In contrast to recharge water, groundwater had almost
zero content of SOE*, which could give better indica-
tion of recharge water migration. Therefore, this study
selected C1~ and SO~ as tracer substances.

In one extraction-recharge cycling year, extrac-
tion stage mainly was in summer, and recharge
stage was in winter. And continuous monitoring
from each observation well was carried out since
1972. Within 1980, water quality changed signifi-
cantly. In the furthest observation well H5 (Fig. 4),
content of Cl~ showed distinct changes, while SO3~
was in condition of occasionally positive detection,
mostly in recharge stage. From above results, a pre-
liminary conclusion could be inferred: the recharge
water had spread to H5 well, and its maximum
radius of influence was greater than or equal to
68.1m. Within the next few years, content of CI™
continued to fluctuate from extraction stage to
recharge stage, while frequency of positive detection
for SO?~ become higher and higher, and its content

was also rising. Five years later, SO;  continued to
be positive detected instead of intermittent detection.
Even in extraction stage, the groundwater in H5
could not be restored to the original groundwater
status, which showed that the minimum radius of
influence was greater than 68.1m. If at this rate pro-
jections, the impact distance of tap water was about
110m in the condition of maintaining the same
recharge activities 20years. Taking into account the
possible attenuation with radius increase, the esti-
mated maximum distance of recharge water was
about 100m.



H.-m. Wang et al. [ Desalination and Water Treatment 52 (2014) 968-975 973
350 60
Recharge
300 Recharge =450
Recharge
Recharge
250 Recharge .
Axtraction 140
— v
%D 200 Fxtraction Recharge »ON
£ . 130 o
= xtraction (‘E
© 150+ ‘ V €
Ektraction Extraction
‘ =20
100 - / ‘ '
sol J 110
[/ ' —Cl- — S042-
-
0 ) I 1 1 1 1 1 1 1 1 1 1 0
1980-1  1980-7  1981-1  1981-7  1982-1  1982-7  1983-1  1983-7 1984-1 1984-7  1985-1  1985-7

Fig. 4. Changes of C1~ and SO?~ concentration in H5.

3.2. Groups of well recharge

The selected recharge area included eight artificial
wells, and two observation wells were equipped. The
distances from the area center were 500m (W1) and
1,000m (W2), respectively. Isotope tritium and CI™
were selected as monitoring tracers. Tritium is a stable
isotope, and the concentration in groundwater is less
than 2TU. These features endow tritium with a good
tracer of groundwater irrigation. For Cl~, it has stable
chemical property and strong migration ability, which
gave a good choice for a tracer.

The monitoring results from 1979 to 1982
showed that W1 begun to detect the existence of
tritium continuously six months later. The concen-
tration was 6.5-17.0TU, lower than recharge wells.
W2 begun to detect tritium intermittently 12 months
later, and the concentration was 2.9-8.7TU, lower

than recharge wells and W1. At the same time, the
concentration monitoring of Cl™ presented that W1
gave approximate synchronous but slightly lagging
trends with recharge wells, indicating that W1 had
been significantly affected by recharge water. Mean-
while, the concentration of CI- in W2 did not
change significantly, remaining the background level
(Fig. 5).

The finding of tritium in W2 made known that a
part of recharge water had spread to the W2 nearby,
but the steady concentration of CI~ in W2 showed
that there was no significant change in groundwater
quality. Based on analysis described previously, some
patterns could be drawn that the recharge maximum
radius of many wells was about 1,000 m, but the range
causing significant changes in groundwater quality
was less than 1,000 m.
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4. Analysis on impact factors of groundwater quality
4.1. Recharge water quality

The quality of recharge water not only affected the
groundwater chemical types around the recharge
wells, but also controlled the evolution direction of
groundwater qualities [12-15]. The conditions of
recharge water quality affect groundwater quality
directly, which was displayed in Section 2.1.

4.2. Extraction—recharge conditions

The impact of extraction-recharge conditions on
groundwater quality were caused by the following
factors: extraction-recharge ratio, extraction-recharge
equilibrium, extraction-recharge disequilibrium, and
recharge process and time.

Extraction-recharge ratio refers to the ratio
between water quantities of extraction and recharge in
an extraction-recharge cycling year. Because of the
difference of extraction-recharge ratios, the quantity
and residence time of residues water changed under-
ground. And it would cost a certain time to complete
the physical, physical-chemical and biochemical reac-
tion between mixing of recharge water and ground-
water, which gave a great impact on the quality of
groundwater.

Extraction-recharge equilibrium refers to the
equality condition between extraction quantity and
artificial recharge quantity during an extraction—
recharge cycling year. Under such conditions, the
chemical components with higher concentrations in
groundwater would descend due to the dilution of
recharge water, and certain components that inher-
ently do not exit in groundwater would gradually
ascend due to the bringing of recharge water.

Extraction-recharge disequilibrium refers to the
inequality condition of the extraction quantity less
than artificial recharge quantity during an extraction—
recharge cycling year. There would be a lot of
recharge residues in the aquifer every year and affect
the groundwater quality and chemical environment,
making the groundwater quality changes toward the
direction of recharge water quality.

In addition, recharge process and recharging time
also affected the groundwater quality. Tube wells had
been used in the artificial recharge in Shanghai, and it
need to keep the tubes sealed during recharge. The
seal conditions affected the recharge results and
groundwater quality around recharge wells. Under
the unsealed conditions, the recharge water would
bring air into recharge wells and mix them together in
aquifer, which would block the groundwater flow in

sandy pores. Furthermore, the dissolved oxygen in the
mixture would change the redox conditions around
the wells, and Fe** would be oxidized to Fe**, leading
to enrichment of Fe element around the wells. This
also would block the recharge tubes.

Recharge time was one of the important factors
which greatly affected groundwater quality. Under
the conditions of extraction-recharge disequilibrium,
the longer recharge time and bigger differences
between groundwater and recharge water, the more
trend toward to recharge water quality characteristics.
In wells with short recharge time, there were less
recharge residues. The dominant action was mechani-
cal mixing, and diffusion mixing had not yet been
formed. The mixed water was in an intermediate
quality between groundwater and recharge water.

4.3. Physical and chemical effects

The groundwater quality is also controlled by
physical and chemical factors such as temperature
changes and water-rock interaction, occurring in
recharging water process.

The groundwater temperatures in A2, A3, and A4
varied from 20 to 25°C, while recharge water tempera-
tures are not the same with groundwater tempera-
tures. There is amount of dissolved oxygen in
recharge water, which is inversely proportional to the
temperature. The higher the temperature, the lower
the amount of dissolved oxygen. So the dissolved oxy-
gen concentration was higher in winter than in sum-
mer. Due to high concentration of low-valence Fe and
Mn in groundwater, there would be more oxidation
from Fe** to Fe*, easily leading to more Fe(OH); pre-
cipitation.

For possible water-rock interaction, there are lots
of carbonate substances in the aquifers, as calcite,
dolomite et al. After the artificial recharge, the water—
rock equilibrium would be destroyed because of dis-
solved CO; in recharge water. This would make some
carbonate dissolved in aquifer, resulting in higher
measured concentrations of Ca”*, Mg”>*, HCO; than
theoretical calculation, as well as the total hardness
test results.

4.4. Biochemistry

Dissolved oxygen and nutrients desired by bacte-
rial in groundwater, such as organic and inorganic C
and N, could be intruded with recharge water. Under
appropriate temperature and pH conditions, they
would provide favorable conditions for the growth
and development of micro-organisms. From our stud-
ies, the activities of micro-organisms are higher in
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recharge wells than non-recharge ones. And in
recharge wells, the main micro-organisms types are
iron bacteria, row thiooxidans, sulfate-reducing bacte-
ria, and denitrification thiobacillus. The biochemical
activities would increase the concentration of Fe, Mn,
NO;, and H,S, while corrosion and block phenome-
non of well pipe would occur.

5. Conclusion

The artificial recharge water quality condition
would greatly impact the groundwater quality. There-
fore, quality control of recharge water is the primary
step to avoid groundwater pollution in recharge wells.
After recharge, concentration of NH; and NO, in
groundwater of A4 showed a large increase, which
lowered the usability of groundwater. So the concen-
tration of nitrogenous compounds should be paid
great attention to in recharge water.

Make sure that the recharge tubes would be sealed
well and take regular pump returning to avoid block-
age in wells. Furthermore, attentions should be paid
to wellhead protection to guard against industrial
micro-organisms and other organisms.

In order to control the impact of micro-organisms
on groundwater quality, recharge water should be
degassed before injection. And raise the extraction-
recharge ratio as far as possible under the premise
that land subsidence has been controlled effectively.
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