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Abstract: The need for valuable land has encouraged reclamation in coastal areas worldwide in the
past decades. Land reclamation can alter the groundwater quality in coastal aquifers. The purpose
of this study is to identify the effect of land reclamation on groundwater chemistry, especially the
major ions, and heavy metals on Zhoushan Island, China. The subsurface media on the island is
composed of two layers, i.e., an upper infill layer and an underlain clay layer. The upper layer is
previously ocean and filled with various materials. The clay layer is the original marine sediment.
The dominated Na and Cl ions in groundwater illustrate high salinity sources of groundwater in
the subsurface of the reclaimed land. A mixing trend between seawater and river water of the
groundwater in infill layer is also detected based on the ratios of Cl and Br. Though the heavy metal
concentrations (Cd, Cr, Zn and Hg) are high in marine sediments, no significant releasing trends
in the groundwater are detected in a short-term after reclamation (based on standard GB18668).
Meanwhile, Fe-III concentrations in the aquifer have a strong correlation with precipitation events.
Column desorption experiments and simulations indicate the Cd and Cr release from the sediment
would pose a health risk when the groundwater in the infill layer being gradually flushed by fresh
water. These results provide a foundation for the prediction of groundwater quality and are helpful
for the future water management in a newly reclaimed land.
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1. Introduction

With the rapid urbanization, economic prosperity and demographic concentration in coastal
regions, reclamation has become a widely used approach in the world to solve land shortage problem
in coastal areas [1,2]. Many countries, such as Singapore, Netherlands, Australia, Japan, South Korea
and China, have pushed their coastlines seaward for a variety of purposes, industrial, institutional,
residential and even agricultural [3–5]. For example, South Korea has reclaimed more than 62,000 ha
of its coastal area since the Second World War [5]. In HongKong, about a tenth of its developed area is
reclaimed land [6]. This practice has been continued to increase rapidly in China [7]. According to
an official report from State Oceanic Administration, People’s Republic of China, the authorized
area of reclaimed land was 11,055.29 ha in 2015, which had increased 13.19% over the previous
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decade [8]. In Zhejiang province, a total of 230,000 ha of tidal lands have been reclaimed for agriculture,
residence buildings, and industrial development during the past 65 years. Furthermore, an additional
175,000 ha of tidal flats are planned for reclamation by 2050 [9].

Land reclamation is carried out by dumping fill materials such as decomposed granite rock from
nearby hills onto the seabed of marine sediment [10,11]. In contrast to the natural environment, the
coastal lands in this region have been substantially modified by the man-made materials [9,12].
The conversion of the sea to land permanently changes the natural characteristics of the ocean
and coastal environment and causes considerable variations to the marine ecosystems upon which
human-kind depends [13–17]. Boruvka and Kozak reported that spatial heterogeneity of coastal plain
soils differed greatly from that of natural soils due to their anthropogenic origin [18]. Huang et al.
found that the pH, EC, and salinity in soil were reduced after reclamation for the precipitation and
oxidation in soils [19]. Yang et al. indicated the salinization condition of topsoil is more serious from
the broken/hindered groundwater flow path to the ocean [20]. Meanwhile, coastal sediments were
widely believed to act as the final destination of heavy metals and refractory pollutants [21]. The high
concentration of heavy metals in marine sediment could be easily rushed out with precipitation and
act as potential hazards to human health via the food chain [22–25]. All these facts indicate that
reclamation could generate serious environmental problems in coastal zones [26,27]. Interpretation of
the hydrochemical parameters in groundwater can help to understand hydrogeological conditions
and used to determine water usage as the composition changes [28]. Therefore, a detailed chemistry
evaluation is necessary for reasonable and scientific coastal groundwater contaminant evaluation and
water management.

Taking the reclamation on Zhoushan Island as an example, this study aims to identify the
anthropogenic influences on groundwater hydrogeochemical evolution, nitrogen and heavy metal
contamination in the reclaimed aquifer. Fourteen boreholes were drilled to collect groundwater
samples. Major ions, pH, total dissolved solids (TDS), and chemical oxygen demand (COD) were
measured every two weeks continuously to support the analysis of temporal chemical variation
pattern. In addition, two metals, Fe and Mn, along with toxic trace metals (Cd and Cr) were
investigated to examine the potential enrichment and mobility mechanisms of heavy metals within the
reclaimed aquifer.

2. Materials and Methods

2.1. Study Area

Zhoushan Island (ZSI) is the largest island of Zhoushan Archipelago’s 1390 embracing islands,
which are located in the central part of China’s coastline in Zhejiang Province (Figure 1) [9,24]. As an
island city, the rapid development of tourism, fish farming, ports, harbors, and urbanization has led to
a sharp increase in the demand for usable land, which has resulted in the long history of coastal land
reclamation [29]. The reclamation started in the 2000s. This study focuses on the reclamation region
that locates on the southeast side of ZSI.

The study region is in a typical northern subtropical monsoon zone, with a mean annual
temperature of 15.8–16.7 ◦C. The coldest month is January with an average temperature around
5 ◦C, while the hottest month is August, at about 27 ◦C. The annual precipitation is 921.6–1318.8 mm,
and annual average evaporation is 1225.9–1374.2 mm, which is larger than precipitation. The tide in
the reclamation area is a semidiurnal tide. The long-term measured average tidal range is 1.91–3.31 m
and the maximum tidal range is up to 4.96 m [30].



Water 2018, 10, 316 3 of 22
Water 2018, 10, x FOR PEER REVIEW 3 of 21 

 

 

Figure 1. Detailed geography location of the study area with monitoring wells distribution and 
hydrogeology boundary conditions. 

2.2. Geological Condition 

The preliminary investigation indicates the reclamation area has a shallow strata structure. The 
reclamation thickness ranges 0–11.8 m, and becomes thinner from west hilly area to the reclamation 
dike, as shown in Figure 2. The filled materials in the upper anthropogenic layer are mainly 
composed of granite stone blocks and gravels from the nearby mountains. The stone blocks are 
generally 20–50 cm in diameter, part up to 80–100 cm and occupy about 50–80% of the volume. The 
gravel diameters are 5–20 cm and take up 25% of the volume. The gaps between the stone blocks and 
gravels are filled with clay and sand. Thus, the infill layer has a high porosity. The underlain layer is 
marine sediment and consists mainly of muddy silty clay with silt aggregate and visible shells. The 
clay is even, plastic and viscous with gray color and displays thick-bedding. The dike is 1.2 m higher 
than the highest high tide level. Pipes with a diameter of 0.5 m are installed inside the dike every 100 
m to drain water from the reclaimed region to the sea.  

Figure 1. Detailed geography location of the study area with monitoring wells distribution and
hydrogeology boundary conditions.

2.2. Geological Condition

The preliminary investigation indicates the reclamation area has a shallow strata structure.
The reclamation thickness ranges 0–11.8 m, and becomes thinner from west hilly area to the reclamation
dike, as shown in Figure 2. The filled materials in the upper anthropogenic layer are mainly composed
of granite stone blocks and gravels from the nearby mountains. The stone blocks are generally 20–50 cm
in diameter, part up to 80–100 cm and occupy about 50–80% of the volume. The gravel diameters are
5–20 cm and take up 25% of the volume. The gaps between the stone blocks and gravels are filled with
clay and sand. Thus, the infill layer has a high porosity. The underlain layer is marine sediment and
consists mainly of muddy silty clay with silt aggregate and visible shells. The clay is even, plastic and
viscous with gray color and displays thick-bedding. The dike is 1.2 m higher than the highest high tide
level. Pipes with a diameter of 0.5 m are installed inside the dike every 100 m to drain water from the
reclaimed region to the sea.
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Figure 2. Geologic cross section profiles of boreholes SW13–SW22 (A) and SW23–SW26 (B) on 
reclaimed land. The east boundary is where the dike located. 

2.3. Borehole Design and Sampling 

To investigate the changes of chemical properties of groundwater, 14 boreholes were drilled in 
the reclaimed region in 2014 using rotary drilling rigs, as shown in Figure 1. Five groups were set up 
from reclamation dike towards inland along a one-dimensional transect. The odd number boreholes, 
SW13, SW15, SW17, SW19, and SW21, were screened in the filled materials and the even number 
boreholes, SW14, SW16, SW18, SW20, SW22, were drilled to penetrate the underlying clay layer. 
However, no clay sediment existed next to the hill in the west side, as shown in Figure 2A. 
Therefore, SW14 was in the infill layer. For borehole SW21, the clay sediment was piled up from the 
borehole bottom to land surface, thus SW21 was in the shallower clay layer. Additionally, boreholes 
SW21 and SW22 were located in gardening lawns, subjected to regular irrigation with freshwater 
transported from the mainland. Two groups, SW23 and SW24, and SW25 and SW26 were designed 
as control points on the north and south side respectively as shown in Figure 1. Core samples were 
collected in the drilling process and sealed with PVC. The sediment samples were used for the 
determination of soil properties and laboratory column leaching experiments. 

Prior to sampling, all wells were washed by pumping out two well volumes, leaving the well 
with groundwater representing the surrounding environment. Then, the groundwater was sampled 
in the middle of the water body with a manual pump in each well. Groundwater samples were 
collected about every two weeks as a spring-neap cycle at mean tide level from March 2015 to 
September 2016. River and seawater samples were collected simultaneously to provide 
hydrochemical background information. Water samples were first filtered through 0.45 μm 

Figure 2. Geologic cross section profiles of boreholes SW13–SW22 (A) and SW23–SW26 (B) on reclaimed
land. The east boundary is where the dike located.

2.3. Borehole Design and Sampling

To investigate the changes of chemical properties of groundwater, 14 boreholes were drilled in the
reclaimed region in 2014 using rotary drilling rigs, as shown in Figure 1. Five groups were set up from
reclamation dike towards inland along a one-dimensional transect. The odd number boreholes, SW13,
SW15, SW17, SW19, and SW21, were screened in the filled materials and the even number boreholes,
SW14, SW16, SW18, SW20, SW22, were drilled to penetrate the underlying clay layer. However,
no clay sediment existed next to the hill in the west side, as shown in Figure 2A. Therefore, SW14 was
in the infill layer. For borehole SW21, the clay sediment was piled up from the borehole bottom to
land surface, thus SW21 was in the shallower clay layer. Additionally, boreholes SW21 and SW22
were located in gardening lawns, subjected to regular irrigation with freshwater transported from the
mainland. Two groups, SW23 and SW24, and SW25 and SW26 were designed as control points on the
north and south side respectively as shown in Figure 1. Core samples were collected in the drilling
process and sealed with PVC. The sediment samples were used for the determination of soil properties
and laboratory column leaching experiments.

Prior to sampling, all wells were washed by pumping out two well volumes, leaving the well
with groundwater representing the surrounding environment. Then, the groundwater was sampled in
the middle of the water body with a manual pump in each well. Groundwater samples were collected
about every two weeks as a spring-neap cycle at mean tide level from March 2015 to September 2016.
River and seawater samples were collected simultaneously to provide hydrochemical background
information. Water samples were first filtered through 0.45 µm membrane filters and analyzed within
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three days. Two samples were collected in each borehole. One was simply stored below 4 ◦C for
measurement of conventional ions and physicochemical factors (Ca, Mg, Na, K, Cl, SO4, HCO3,
NO2, NO3, NH4, F, Br, pH, COD, and TDS), while the other was acidified with 1:1 HNO3 for metal
concentration analysis (Fe, Mn, Cr, Cu, Zn, As, Cd, Hg, and Pb).

In addition, nine marine samples were collected on the surface of marine sediments with grab
sampler in the area outside the reclaimed land (locations labeled “D” in Figure 1). Heavy metals
were analyzed in the marine samples including As, Cu, Zn, Pb, Cd, Cr, Zn, and Hg. Core samples
in boreholes were collected in the drilling process and sealed with PVC for the determination of soil
properties and laboratory column leaching experiment. The heavy metals in boreholes as in marine
were also conducted for boreholes SW16, SW18, SW20, SW22, SW24, and SW26. The samples from the
sediments in the clay layers could provide information on the changes of the metal concentrations in
the sediment after it was buried. These samples, together with the groundwater samples from the same
site, could provide information on the chemical exchange between the sediment and the pore water.

The major ions and metal concentrations (Ca, Mg, Na, K, Fe, Mn, Cr, Cu, and Zn) were analyzed
using inductively coupled plasma analysis (ICP-OES). The concentrations of heavy metals (As, Cd, Hg,
and Pb) and Br in groundwater were determined by inductively coupled plasma–mass spectrometry
(ICP-MS). Ultraviolet-visible light detector was used to analyze SO4, NO3, NH4, and NO2. pH and
F were analyzed with ion analyzer. The concentrations of Cl, HCO3, and COD were determined by
titration method. The drifts of all elements analyzed were <5%. Two replicate analyses for each sample
were performed and the mean values were adopted.

2.4. Column Experiments

The soils from borehole SW21 were mixed, air dried and sieved to particles smaller than 2 mm as
a material to evaluate heavy metal desorption rate. The properties of soils were first analyzed before
the experiment. The grain size distribution is illustrated in Table 1. The ratio between clay-slit to sand
was about 1:3. The measured (CEC) was 8.58 cmol(+)/kg. The releasing properties of heavy metals
Cr and Cd with high concentrations were tested. The contaminated soil is prepared by well mixing
Cr(K2Cr2O7) and Cd(Cd(NO3)2) solution into the sediment. The concentrations in soil finally reached
concentrations of 428 mg/kg and 15.2 mg/kg after examination, respectively. Then the fine-grained,
Cr and Cd containing materials were packed in a column (30 cm long and 8 cm inner diameter) with a
porosity of 0.41 and bulk density of 1.74 g/cm3. Column packing was performed in a small increment
consisting of 2–3 cm thick layers. After each layer addition, the sediment was tamped with a plastic
dowel and the exterior wall of the column was gently tapped with a plastic hammer to compact the
sediment. Nylon nets (0.12 mm pore diameter) were used at the top and bottom of the column to
confine the sediment and facilitate the distribution of influent and the collection of effluent solutions.

Table 1. The grain size distribution of sediment in borehole SW21.

Grain Size 2–0.25 mm 0.25–0.05 mm 0.05–0.01 mm 0.01–0.005 mm 0.005–0.001 mm <0.001 mm

Percentage (%) 48.47 25.6 8.4 6.21 7.03 4.3

The Cr and Cd leaching experiments were performed in columns injected with synthetic
groundwater solution (SGW) that mimics groundwater composition in the borehole. The major ion
concentrations of K, Na, Ca, Mg, Fe-II, Fe-III, HCO3, SO4, and Cl were 202, 5880, 224, 672, 3.31, 3.86,
934, 630, and 10430 mg/L in SGW, respectively. The columns were saturated slowly by injecting the Cr
and Cd contaminated solution from the bottom at a constant flow rate of 0.1 mL/min. The saturation
process took approximately 75 h. After the saturation, the sediment was leached with the SGW at
a constant flow rate of 0.1 mL/min. A high-performance liquid chromatography (HPLC) pump
was used to control the flow rate. Effluent samples were collected in an automatic fraction collector.
Twelve samples were collected every 2 h during the first 2 days of the experiment and the collecting
interval increased after 2 days. The experiment ended when the Cr and Cd concentrations in the
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outflow became stable. Effluent total Cr and Cd were analyzed by inductively coupled plasma-optical
emission spectrometer (ICP-OES) (Perkin-Elmer, Optima 2100DV).

2.5. Kinetic Modeling

Three kinetic models were applied to fit the desorption data to better understand the releasing
properties of Cd and Cr. The selected best fit model would be used to predict Cd and Cr releasing to
groundwater in future cases. By assuming qt is the amount of soil Cd or Cr desorbed in the solution
(mg/g) at any time t, three kinetic equations are described as follows.

Pseudo second order equation [31]:

t/qt = A + B t (1)

The constants can be determined by plotting t/qt against t.
Elovich Equation [32,33]:

qt = A + B lnt (2)

Thus, a plot of qt versus lnt should give a linear relationship with the slope of B and intercept of A.
Two-constant rate Equation [34]:

lnqt = A + B lnt (3)

The parameters A and B can be calculated from the intercept and slope, respectively, of the linear
line. These equations have been widely applied in sorption and desorption studies in soils and soil
components, even though, the equations are empirical and yield only apparent rate parameters [35,36].
Finding a meaningful model that can accurately describe these data is extremely difficult because of the
heterogeneity of a natural soil [37]. Therefore, these models in this study are used only for qualitative
evaluation of Cd and Cr desorption in the mixed filled materials. The equations thus obtained are
tested for fit goodness by least-square regression analysis. To select the equation that best fit the release
of Cd and Cr in soils, the standard error of estimate (SE) is calculated as follows [38].

SE = [∑(q − q′)2/(N − 2)]1/2 (4)

where q and q’ are the measured and calculated amounts of heavy metals in solutions at time t,
respectively, and N is the number of measurements. A relatively large coefficient of determination (r2)
and small SE are used as criteria for the best fit [39].

3. Results and Discussions

3.1. Physicochemical Characterization of Groundwater

The statistical results of pH, TDS, and conductivity are shown in Table 2. The pH values of
the groundwater in the infill and clay layers ranged 6.95–8.08 and 7.21–8.31, respectively, indicating
alkaline water composition. The river and seawater samples were alkaline with average pH of 7.29
and 7.95. The TDS values of the groundwater in the infill layer varied from 1.37 to 25.17 g/L with an
average of 10.28 g/L. In the clay layer, TDS values ranged from 11.55 to 24.75 g/L with an average of
17.87 g/L. The data showed higher TDS value in the clay layer, indicating a saline water composition.
According to water classifications in Winslow and Kister, the collected water samples ranged from
saline to very saline water [40]. Among all the boreholes, the average TDS were smallest in the group
SW13 and SW14. Meanwhile, the TDS of group SW23 and SW24 in the south were lower than that of
group SW25 and SW26 in the north boundary, which suggested an inactive water exchange in the north
since the north boundary was impermeable. The average TDS of river and seawater were 0.15 g/L
and 24.1 g/L. The results reflected seepage from the river in the west boundary. The distribution of
EC was similar to that of the TDS. The averaged sample conductivities in the clay layer were higher,
with small variation than that in the infill layer. Both EC and TDS indicated saltier water in the clay
layer than the infill layer.
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Table 2. Statistics summary of pH, TDS, and EC for groundwater samples in 14 boreholes during the monitoring period.

Parameter Statistics SW13 SW14 SW15 SW16 SW17 SW18 SW19 SW20 SW21 SW22 SW23 SW24 SW25 SW26

pH

Max 7.89 7.70 8.00 8.01 7.89 7.90 7.82 7.96 7.79 7.92 7.93 8.31 8.08 7.69
Min 7.37 6.95 7.35 7.66 7.51 7.60 7.52 7.50 7.51 7.70 7.55 7.63 7.37 7.21

Mean 7.66 7.18 7.67 7.79 7.68 7.72 7.70 7.76 7.69 7.82 7.71 8.11 7.78 7.52
s.d. 0.24 0.57 0.28 0.16 0.17 0.12 0.09 0.22 0.08 0.06 0.17 0.49 0.36 0.26

TDS

Max 14.10 10.54 25.17 24.53 13.80 24.08 19.92 18.10 21.51 16.70 10.36 18.80 24.10 24.75
Min 2.58 5.96 5.88 2.08 3.99 13.38 7.35 17.20 11.55 11.87 2.57 12.05 1.37 22.90

Mean 6.20 7.43 17.54 22.19 8.92 21.87 15.72 17.69 19.75 13.04 5.29 17.11 10.90 23.90
s.d. 142.04 18.11 590.64 443.68 146.29 88.11 137.28 0.78 90.80 17.86 38.43 56.20 612.19 3.37

Conductivity

Max 24.30 18.20 43.40 42.80 24.20 40.50 33.70 31.23 37.03 28.75 17.86 32.40 44.30 42.60
Min 4.47 8.31 9.71 40.85 6.88 35.70 12.69 29.15 28.90 20.50 4.44 21.00 2.28 39.50

Mean 12.67 12.79 32.28 41.69 16.19 38.84 26.50 30.32 35.06 22.16 8.97 29.83 20.93 41.02
s.d. 430.78 64.49 1439.77 3.51 430.37 20.33 337.03 3.55 46.53 50.40 113.76 134.05 2148.07 8.48
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3.2. Groundwater Hydrogeochemistry

3.2.1. Hydrogeochemical Facies

The measured concentrations of major ions are shown in Table 3. The anions in groundwater
samples were dominated by Cl (up to 95% in three main anion concentrations including SO4 and
HCO3, where the percent is proportion in molar). The cations in the groundwater were dominated by
Na (up to 91%), which may be used to determine the causes of groundwater salinization for water
with TDS higher than 2–3 g/L [41,42].

Table 3. Major ion concentrations in groundwater, river and sea samples. The four sampling times
are March 2015, September 2015, December 2015 and March 2016. * represents the sampling times are
March 2015 and March 2016.

Well
Label

Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
K+

(mg/L)
HCO3

−

(mg/L)
SO4

2−

(mg/L)
Cl−

(mg/L)

SW13

89 75 756 34 196 280 1139
86 81 646 31 162 240 1130
84 69 571 33 165 219 1009
34 16 124 11 127 76 196

SW14

132 202 1861 61 144 432 3092
157 256 2080 66 165 550 3852
180 299 2305 86 168 625 4497
177 281 2235 82 184 592 4482

SW15

158 173 1812 68 184 605 2865
260 592 4740 176 186 1255 8502
261 986 7523 301 1601 220 14,400
144 320 2617 103 324 645 5065

SW16

246 768 6900 238 998 598 10,988
202 946 7720 268 1587 100 14,100
211 974 7439 280 1544 95 14,300
201 936 7436 282 1505 101 14,200

SW17

180 176 1845 65 187 580 2883
208 328 2700 95 276 768 4860
154 156 1236 55 288 584 2202
112 129 1182 52 284 479 1984

SW18

352 720 6540 212 714 830 10,735
218 878 7550 248 1475 248 13,500
204 909 7208 269 1464 155 13,700
194 841 7051 261 1607 83 13,300

SW19

343 733 6350 221 171 1590 10,499
210 392 3300 120 207 938 5848
315 663 4906 191 194 1375 9485
238 496 3928 154 191 1070 7504

SW20

216 578 5900 196 835 328 9828
173 608 5680 194 808 154 10,700
181 610 5431 208 877 93 10,500
175 604 5660 214 905 74 10,500

SW21

194 708 7060 232 1305 446 11,532
206 766 6510 230 1328 525 12,000
201 748 6200 229 1261 475 11,900
193 736 6442 238 1353 412 11,800
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Table 3. Cont.

Well
Label

Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
K+

(mg/L)
HCO3

−

(mg/L)
SO4

2−

(mg/L)
Cl−

(mg/L)

SW22

99 390 4620 153 1429 34 7253
98 383 4195 147 1432 <1 7075
98 380 3900 151 1384 <1 7086
97 390 4114 156 1438 <1 7160

SW23 *
175 168 1878 60 190 560 2865
41 30 333 24 299 79 463

SW24

193 472 4550 178 617 554 7489
105 640 6150 220 10 6 10,900
80 628 5816 222 953 5 11,000

115 620 5855 223 1023 25 10,800

SW25

107 68 705 36 154 346 1008
314 972 7500 264 667 1355 13,700
63 37 349 25 149 235 556

106 205 1634 67 248 434 3085

SW26

482 930 7740 212 726 1030 13,491
458 950 7290 210 631 965 13,600
461 942 6701 214 667 938 13,900
472 951 7030 219 680 910 13,600

River *
10 4 25 5 54 19 28
11 4 20 2 41 18 27

Seawater *
298 902 7270 282 112 1785 13,200
318 983 7528 326 133 1865 14,100

To determine the hydrogeochemical facies, the concentrations of major ionic constituents of
groundwater and river samples were plotted in Piper trilinear diagram Figure 3 with classifications
in Table 4 [43]. The anion and cation trends were toward Cl and Na as shown in the triangles.
Water samples from both the infill and the clay layers were 100% fallen into Sections 1, 4 and 7 as a
saline group with SO4 + Cl > HCO3 and Na + K > Mg + Ca. The results indicated that Na and Cl
were the dominated ions in the groundwater at both the infill and clay layers under the reclamation
region. The Na–Cl water type simply suggested the groundwater in the reclaimed land was mainly
retention of seawater. This could be confirmed by the major ion concentration correlation (>0.99)
between seawater and groundwater samples. On the other hand, the groundwater in the infill layer
had slightly lower Cl concentration, as shown in the lower right square-shaped field of piper plot,
which illustrated a possible mixing between seawater and freshwater source.

Table 4. Classification of hydrochemical facies derived from Piper diagram.

Area Chemical Composition Characteristics of Subdivision of Diamond Shaped Fields % Sample

1 Ca + Mg > Na + K Alkaline earths exceeds alkalies -
2 Na + K > Ca + Mg Alkalies exceed alkaline earths 100
3 CO3 + HCO3 > SO4 + Cl Weak acids exceed strong acids -
4 CO3 + HCO3 < SO4 + Cl Strong acids exceed weak acids 100

5 Ca - Mg - HCO3
Alkaline earths and weak acids are dominated over the

alkalies and strong acids. Carbonate hardness exceeds 50% -

6 Ca - Mg - SO4 Non-carbonate hardness exceeds 50% -
7 Na - Cl Non-carbonate alkali exceeds 50% 100
8 Na - HCO3 Carbonate alkali exceeds 50% -
9 Mixed None of the cation and anion pairs exceed 50% -
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The chemical concentrations of river samples were plotted together as an indicator of end-member
for surface water in the study region. The surface river water was fresher since it had lower Na and
Cl concentrations and higher Ca and SO4 concentrations. However, Na and Cl were still dominant
in water samples as shown in group 7. The ion concentrations of groundwater in SW13 on 20 March
2016 were noticeably different from other samples. The lower concentration proportions of Na and
Cl indicated the adjacent salty groundwater is being flushed by fresh river water. The chemical
analysis demonstrated that in a short-term after reclamation, the marine source groundwater was
gradually mixed with fresh water recharge from inland. The freshwater-saltwater wedge interface
was moving from inland in this period and would be gradually varied in a specified range in the
reclaimed subsurface.
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3.2.2. Major Ion Trends

It is possible to separate the contributions of marine (sea-salt aerosols) and terrestrial (dry fall)
atmospheric sources in rainwater by assuming that chloride is derived only from sea salt aerosols,
and that other major ions are associated with chloride in definite ratios [44]. Chloride is often studied
because it is extremely mobile, very soluble and chemically non-reactive [45]. The evolutions of major
ions in groundwater were plotted in Figure 4. Towards the coastline, Na and Mg concentrations
increased approximately linearly with chloride concentration in infill and clay layer water samples.
The Na, K, Mg, and Cl concentrations varied by more than two orders of magnitude across the study
site. Water samples in the clay layer had a higher concentration of these elements than those in infill
layer. Meanwhile, the elements Na, K and Mg in all samples had the same ratio with respect to chloride
as distributed in river water, sea water mixing line. Meanwhile, the Ca, SO4 and Cl concentrations in
the infill layer also lay around the mixing line of the seawater and river water. The linear relationships
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showed relative constant molar ratios between the major ions. The results further illustrated the
dominant influence on the variation of Na, K, Mg and Cl concentrations was the dilution of seawater
by the freshwater influx, primarily of river water origin on the west.Water 2018, 10, x FOR PEER REVIEW 11 of 21 
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An obvious lower Ca and SO4 concentrations were observed in the clay layer. It probably reflected
precipitation of sulfate minerals such as gypsum and anhydrite, or a mixing of seawater with different
sources like deeper groundwater. Cl and SO4 are typically conservative chemically except where
redox processes are active within the aquifer. The linear variation between SO4 and Cl in the infill
layer indicated perfect mixing between fresh river water (red star) and seawater (black inverted
triangle), as shown in Figure 4. Different from the infill layer, the groundwater samples in the clay layer
had conservative chloride but depleted SO4 sulfate, implying great impact from redox environment.
The sediments in the clay layer had extremely low hydraulic conductivities, resulting in slow and
small water exchange rate between seawater and groundwater, and leading to an anoxic condition at
the depth of sampling even with tidal effects. In addition, the sediments were rich in organic materials
and a variety of microorganisms. Under such conditions, the sulfate-reducing microorganisms can
change SO4 into H2S, with the following sulfate removal process:

SO4
2− + 2C + 2H2O→ 2HCO3

− + H2S (5)
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This reaction was tended to decrease the concentration of SO4
2− in groundwater and relatively

increase HCO3
− and dissolved hydrogen sulfide [48]. This could be further confirmed by negative

correlation (−0.71) between ions SO4 and HCO3.

3.2.3. Cl/Br Ratios in the Groundwater

Cl and Br are valuable tracers to determine the origin and evolution of groundwater, surface water
and contaminant water for their conservative behavior and high solubility in natural water with
low-to-moderate salinity [44]. The major reservoir of water, i.e., ocean, has relatively uniform Br
and Cl concentrations and their Cl/Brmolar is around 650 [49,50]. The Cl/Br ratio in groundwater
can be modified by natural and anthropogenic processes including atmospheric recharge [51],
halite dissolution and precipitation, and the addition of Cl-bearing contaminants [41,52]. However,
the physical processes occurring in soil/sediment (dilution, evaporation, and transpiration) can only
change the absolute concentrations of Br and Cl, but not Br/Cl ratio of groundwater [53].

The Cl and Br concentrations of water samples from the infill layer, clay layer, river water,
and seawater are illustrated in Figure 5. It could be seen that Cl/Br ratios in river water were similar to
that in seawater. This could be due to the rainfall that had similar Cl/Br ratio as seawater in the coastal
area [54]. A general linear relationship between the Br and Cl concentrations for groundwater in the
infill layer is observed in Figure 5A. The sample ratios from infill layer were distributed around the
seawater–river water mixing line, which further proved the groundwater in this layer was mixed water
between seawater and river water. Compared to the seawater ratio line, most groundwater samples
in clay layer were slightly enriched with bromide (Figure 5B). In many aspects, the geochemical
characteristics of bromine were similar to those of chlorine [55]. However, some factors can still alter
variations of Cl/Br ratios [52]. The most significant difference between bromine and chlorine was the
difference in natural abundances. Consequently, relatively small changes in the total mass of bromine
would significantly increase Cl/Br ratio when the total mass of chlorine remains relatively constant.
Meanwhile, the decay and diagenesis of marine organic material tended to release more Br in the
sediments since most living materials do not concentrate chlorine but bromine to some extent [56].
This was consistent with observations in clay layer and probably the main reason for higher bromine
concentration in groundwater.
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3.3. Nitrogen

The ammonia (NH4-N), nitrate (NO3-N), and nitrite (NO2-N) in groundwater samples of both
infill and clay layers, as well as their relationship with COD, were inspected and shown in Figure 6.
The boreholes were sequenced with an increasing distance to the dike. In natural groundwater, NH4,
NO3, and NO2 are the main nitrogen compounds. Nitrate is the most general compound due to its
good solubility and difficulty to be absorbed by soil.
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In the infill layer, decreasing concentration trend of different nitrogen compounds could
be observed. NO3 concentration was the highest in groundwater, followed by NO2 and NH4,
which illustrated oxidizing environment for groundwater in the infill layer. Higher NO3 concentrations
were as well as found in seawater and river water, which is consistent with the aerobic condition
in the surface water body. The nitrogen compound compositions were different in the clay layer.
Groundwater samples in the clay layer had an obvious higher percentage of NH4 than that in the infill
materials, as shown with blue squares in Figure 6A,B. For example, the averaged values of NH4 were
smaller than 5 mg/L in the infill layer samples, but the values were all larger than 10 mg/L in the clay
layer samples. The higher concentration of NH4 suggested a reducing environment in the clay layer.
The samples in the middle of profile presented high concentration of nitrite and nitrate. As stated
above, the study area was a fish farming area and supplied a large amount of seafood to market.
The nitrates/nitrites were likely to remain in the water until consumed by plants or other organisms
because they do not evaporate [57]. Thus, the nitrate/nitrite contaminations were an important issue
in reclaimed land.
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water samples from infill layer (A), clay layer (B), and COD concentrations in groundwater samples
(C) from March 2015 to March 2016

Meanwhile, the nitrogen compositions were related to the COD concentrations in water samples.
The COD can be used as an index of the organic matter concentration in water. As shown in Figure 6C,
the COD was higher in clay layer and over twice amount of that in infill layer in coupled boreholes.
COD was very important as it is found positively correlated to ammonia and negatively correlated
with nitrate and nitrite. For example, the water samples in boreholes SW21 and SW22 had averaged
values of 1.5 mg/L for COD, an indicator of anoxic condition. The ammonia usually cannot be nitrified
in the environment that is deficient in oxygen. Conversely, the enrichment of oxygen was the reason
that SW13 and SW14 had higher concentrations of nitrate and nitrite during monitoring period as well.
The nitrogen compositions in river samples were highly consistent with samples in infill layer next to
the river.

3.4. Heavy Metal

3.4.1. Fe and Mn

Iron (Fe) and Manganese (Mn) are metals that occur naturally in soils, rocks, minerals,
and groundwater. In the aquifer, groundwater was in direct contact with these solid materials,
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dissolving them, releasing their constituents, including Fe (Fe-II and Fe-III) and Mn (Mn-II and Mn-IV),
to the water. The concentrations of Fe-III and Mn are illustrated in Figure 7. The concentrations of Mn
in most samples were higher than Fe-III, which was presented under conditions with precipitation
less than 50 mm/day. This is because manganese has a weaker chemical affinity for oxygen than iron,
and the dissolved Mn stability region is wider. Therefore, Mn was more likely to migrate and enrich in
groundwater than Fe-III [58]. Meanwhile, the observed concentrations can be used as local reference
background values for Fe and Mn in groundwater.
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Figure 7. Fe-III and Mn concentrations in all boreholes (A-N) and daily precipitation (O and P) in the
monitoring period. The gray area represents extreme rain event (170 mm/day).

The amounts of Fe-III and Mn in groundwater varied temporally for a given well. Usually,
this was associated with an influx of water during precipitation. During a precipitation event,
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Fe-III concentrations increased and dropped dramatically. The high concentrations reached 17 mg/L
and 7 mg/L for Fe and Mn, respectively. The reasons were that the recharge freshwater enhanced
oxygen content in groundwater. Fe-II was then quickly oxidized to Fe-III, and in turn combined
with oxygen in the water and precipitated as insoluble hydroxide deposits. Different from Fe-III,
concentration variation of Mn was not as sensitive to precipitation. In general, if the groundwater was
short of oxygen, Fe (and Mn) dissolved more readily, particularly if the pH of the water was slightly
acidic. However, dissolved oxygen content is typically low in deep aquifers, particularly if the aquifer
contains organic matter. Decomposition of the organic matter depletes the oxygen in the water and the
Fe dissolves as Fe-II. Under these conditions, the dissolved iron is often accompanied by dissolved
manganese or hydrogen sulfide. In transitional and reduction environment, Mn exists mainly in the
form of bivalent, and releases into groundwater. Moreover, clay or mild clay distributed in the delta
plain and low-lying overlaying layer, contain rich organic matter, which made anaerobic reaction occur
in reduction environment and generated H2S and CO2, prompted Mn4+ reducing into Mn2+.

3.4.2. As, Cd, Cr, Cu, Pb, Zn and Hg

Since the sediments could act as a pool for heavy metals and a potential source to the surrounded
water body, metal concentrations in sediment and groundwater were measured and analyzed to
evaluate the potential risk of reclamation to coastal environment. The concentrations in marine
sediment (sites D in Figure 1), of seven heavy metals toxic to human health (As, Cd, Cr, Cu, Pb,
Zn and Hg) are summarized in Table 5. The standard made by United States Environmental Protection
Agency (EPA) [59] was often used to evaluate heavy metal pollution in reclamation land, but it is
mainly for evaluating freshwater sediment quality and should not be used to assess the quality of
coastal marine sediment [10]. Generally, marine sediment was widely believed to have higher metal
concentrations since it acted as a filter for many metals passing from terrestrial to the marine setting
and to accumulate some metals within marine water bodies [60–62]. Based on the marine sediment
standard in China GB18668-2002 (AQSIQ), the As, Cu and Pb concentrations in ZSI coastal area
were classified as unpolluted class I sediments. The Cd and Cr concentrations were relatively higher
over class II standard. The concentrations of Zn and Hg were times higher in site D24 and D37,
which indicate a potential pollution source of the two heavy metals that transported from island.
Compared to the marine sediments, the average concentrations As, Cu and Zn were increased in clay
layer samples and that of Cd, Cr and Hg were decreased (Table 6). The heavy metal concentrations in
marine sediments often have varied profile with depth [63]. Since the sediments in clay layer were not
all collected from surface, the vertical variation might be one reason for the difference. Meanwhile,
the deposit rates of heavy metals are changed in the path from land to sea, which could result in
concentration variation in different sites [64]. In addition, fine sediments adsorb heavy metals from
water and have a significant capacity to retain heavy metals, thus the fine sediment percentage could
contribute to heavy metal enrichment characteristics [65].

However, since heavy metals tend to be adsorbed by clay particles with a high concentration
in sedimentary phase [66], if heavy metal released from sediment to groundwater after the
water environment (such as pH and salinity) was changed, it could raise serious groundwater
contamination [67,68]. To further evaluate heavy metal enrichment in groundwater after reclamation,
a total of 59 water samples from 14 wells from March 2015 to March 2016 were analyzed and
summarized in Figure 8.

The results in Figure 8 demonstrated heavy metal contents were quite similar in infill and clay
layers. The shaded bars represent detection limit values for As, Cd, Cr, Cu, Pb, Zn and Hg, which were
0.004, 0.001, 0.01, 0.005, 0.001, 0.01 and 0.0001 mg/L, respectively. The sample values beyond the
detection line were plotted above the bar labeled with the borehole numbers. As shown in plot,
the absolute magnitudes of heavy metals followed the pattern: Zn > Cr > Cu > As > Cd = Pb > Hg.
Most samples were located within the detecting line and smaller than the class II criteria in quality
standard for groundwater in China [69]. The class II values represent natural chemical background in
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groundwater. Therefore, no severe heavy metals releasing in reclamation region were detected in the
first two years after reclamation. These values could be treated as groundwater background values in
this region. The only metal that was over safety groundwater limit was As, which was detected in SW22
(September 2015). Thus, attention should be paid to As contamination in groundwater management.

Table 5. Heavy metal concentration in nine marine sediments taken from the lagoon east of the study
area (sites D Figure 1); Roman numerals are sediment quality classification according to GB 18668-2002,
I represents high quality with low concentration, vice versa for III.

Metal Concentrations
(mg/kg) D01 D03 D08 D10 D14 D16 D24 D26 D37

As 5.09(I) 5.39(I) 5.8(I) 5.3(I) 5.52(I) 6.17(I) 6.87(I) 4.78(I) 6.02(I)
Cd 0.79(II) 2.56(III) 1.68(III) 0.48(I) 3.08(III) 1.64(III) 0.25(I) 0.28(I) 2.36(III)
Cr 132(II) 140(II) 130(II) 129(II) 140(II) 143(II) 144(II) 122(II) 130(II)
Cu 16(I) 13(I) 18(I) 18(I) 19(I) 18(I) 20(I) 12(I) 20(I)
Pb 33(I) 23(I) 34(I) 31(I) 39(I) 43(I) 24(I) 31(I) 26(I)
Zn 53(I) 57(I) 34(I) 71(I) 62(I) 57(I) 270(II) 61(I) 63(I)
Hg 0.002(I) 0.055(I) 0.188(I) 0.201(I) 0.002(I) 0.002(I) 5.25(III) 0.002(I) 1.28(III)

Table 6. Metal concentration in the sediment of clay layer from six boreholes in the reclaimed land;
Roman numerals are sediment quality classification according to GB 18668-2002, class I represents high
quality with low concentration, vice versa for class III.

Metal Concentrations
(mg/kg) SW16 SW18 SW20 SW22 SW24 SW26

Moisture content (%) 27.2 26.6 30 31.7 28.6 23.8
As 8.0(I) 9.0(I) 14.0(I) 17.0(I) 10.0(I) 10.0(I)
Cd <0.3(I) <0.3(I) 0.3(I) 0.4(I) 0.4(I) <0.3(I)
Cr 83.1(II) 80.3(II) 89.4(II) 92.6(II) 92.4(II) 65.7(I)
Cu 22.2(I) 21.6(I) 30.6(I) 30.0(I) 30.5(I) 26.3(I)
Pb 23.1(I) 24.6(I) 28.5(I) 28.8(I) 32.0(I) 32.5(I)
Zn 91.9(I) 93.4(I) 102.0(I) 111.0(I) 110.0(I) 102.0(I)
Hg <0.05(I) <0.05(I) 0.05(I) <0.05(I) 0.05(I) <0.05(I)
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3.5. Column Experiment and Simulation

As illustrated in Table 5, the Cr and Cd concentrations were higher and above the class II or III
sediment standard for marine sediment GB 18668-2002 [70]. The Cr was higher for sediment in clay
layer. To further investigate the potential hazard of heavy metals with relatively higher concentrations
in reclamation area, column experiments were conducted with the polluted Cr and Cd soils. The graphs
for desorption of Cr and Cd with sediments from SW21 were plotted in Figure 9. The desorption
processes of both Cr and Cd from sediments in infill material could be classified into two distinct
phases; a fast desorption and a relatively slower desorption. The breakthrough curve of Cr indicated
the effluent concentration dropped to 80 mg/L quickly within the first 20 h and gradually converged
toward their influent levels 0.14 mg/L. The rapidly releasing of Cr illustrated large amount of Cr was
loosely held on the soil surface. After a preliminary analysis, the reasons were as follows: (1) the
concentration in laboratory saturated sediments were far beyond the adsorption capacity of the soil for
Cr, resulting in fast initial flow of liquid with high concentration; and (2) the adsorption process of Cr
was greatly affected by cation exchange, where Cr was displaced away by high concentrations of Na
and Mg in leaching solution.
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The concentration of Cd in the leaching solution had three phases: a fast increase in the initial
20 h, followed by fast desorption in later 80 h, and then slower desorption. The concentration of
Cd effluent was quite low and gradually decreased to 0.11 mg/L, indicating that a large amount of
Cd was adsorbed in the soil. Initial faster desorption of the heavy metals from soil indicated the
release of these metals was from the water-soluble fraction and also from the adsorption sites of
lower bonding energy (exchangeable fraction). Slower desorption of metals indicates the release of
metals was from sites with relatively higher bonding energy than the exchangeable form and other
chemical pools in dynamic equilibrium with the exchangeable form. Krishnamurti et al. also had
been noticed the similar involvement of sites with different reactivity for Cd desorption from soils [71].
Considering the absolute desorbed concentrations of different heavy metals, the quick desorption was
higher for Cr, and several orders lower for Cd. Among heavy metals, the higher desorption percentage
of Cd from soil that receiving organic or inorganic sources indicated potential danger of Cd pollution
to groundwater.

The Cr and Cd concentrations in column sediments after experiment were examined as shown
in Table 7. The contaminant concentrations were higher in the upper layer and lower in the bottom.
When the Cr or Cd concentrations gradually increased in the flowing water, the desorption amount of
contaminants in the soil became smaller. Thus, more contaminants in soil were released in the bottom
and increased in the water flow pathway to the top. On average, the Cr concentration had dropped to
94.2 mg/kg from 428 mg/kg. Seventy-seven percent of the total Cr amount had been released into
water, which indicated a high desorption ability. For the Cd, the concentration decreased to 11.5 mg/kg
from 15.2 mg/kg, i.e., 25% was released in the experiment. Referencing to the high concentration
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of Cr that had been examined in sediment samples, as shown in Table 6, the Cr contamination in
groundwater is a serious potential risk in the study area.

Table 7. The Cr and Cd concentrations in three column sediments layers after leaching.

Layer Cr (mg/kg) Cd (mg/kg)

Upper (0–5 cm) 109 14.6
Middle (10–15 cm) 90 13.8
Lower (21–26 cm) 92.8 6.01

The kinetic models were used for qualitative analysis of data sets. There were multiple models
that can fit the same set of kinetic data [72]; therefore, we intended to investigate the efficiency of these
models in simulating Cd and Cr releasing and pointed out their differences. Table 8 shows the fitting
indicators of the three equations applied for analyzing the experimental data. In general, based on
R-square and SE, three models gave better simulation results of Cd than Cr. The three R-square values
which describe the fitting between model and Cd data were over 0.90. Among the three models,
the two-constant model was successful in describing the kinetics of both Cr and Cd releasing processes
from the filled material. Two-constant rate equation plotted adsorbate concentrations lnqt with lnt
for Cd and Cr in filled sediments. The linear relationships indicated that desorption processes were
diffusion controlled [73]. Elovich equation parameters were meanwhile determined from the slope
and intercept of the linear plots between “q” and “lnt” and the results were worst among three models.
Therefore, the Elovich equation appeared to be unsuccessful in describing the kinetics of Cr and
Cd desorption, especially for Cr in the study site. The pseudo second order model was also useful
in describing the kinetics of Cr and Cd release from the studied sediment, but not as good as the
two-constant rate model. The results are useful to model the releasing of Cr and Cd when newly
related contaminants input in the reclaimed area.

Table 8. R-square and standard error of estimate (SE) for Cr and Cd leaching experiments in three
kinetics models.

Metal
Peseudo Second Order Evolch Two Constant Rate

R2 SE R2 SE R2 SE

Cr 0.85 0.11 0.59 0.06 0.89 0.03
Cd 0.95 6.30 × 10−3 0.91 1.30 × 10−4 0.98 3.18 × 10−5

4. Conclusions

The regional hydrogeochemical and associated heavy metal pollution in groundwater shortly after
reclamation were evaluated in ZSI. The groundwater in the study area was dominated by Na-Cl facies
with clear seawater origin. The temporal variations of chemicals in groundwater were inactive due to
the low permeability, gentle slope, and sluggish drainage conditions. The groundwater was flushed
with fresher water from the inland boundary but the rate is quite low. Meanwhile, the heavy metals
were enriched in marine sediment and clay layer, but much lower in groundwater. The lower heavy
metal concentrations in groundwater were mainly because the chemical composition of groundwater
and seawater were similar, therefore leading to stable contact of groundwater with the subsurface
material. The current metal content in groundwater could be used as background values in the future.
The variation of Fe and Mn concentrations were highly correlated to rainfall. With the freshwater
recharge from river and precipitation, the groundwater chemicals of Na and Cl could be slowly
reduced as observed in the infill layer borehole SW13 and lead to raised releasing rate of heavy metals.
In that case, Cd and Cr would be two toxic metals that need attention for their high concentrations
and large adsorption rates. The paper supplied a reference for groundwater quality research in the
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coastal reclaimed area. In addition, long-term monitoring would also be necessary to guarantee a safe
coastal environment.
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