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Abstract Agricultural activities are frequently asso-

ciated with water contamination. Thus, the development

of efficient strategies for groundwater protection in

agricultural areas requires an assessment of the con-

taminants. Given this perspective, groundwater quality

monitoring is carried out in a rice-growing area in

Hangjiahu Plain, East China. Thirty-two piezometers

are installed to measure physico-chemical parameters

such as major ions, field-measured parameters (pH,

electrical conductivity (EC), dissolved oxygen, and

temperature), and d15N isotopic ratios and their varia-

tions in space and time. The groundwater shows a

variable chemical composition, e.g. EC ranged from 760

to 2,300 lS cm-1. Most groundwater is weakly acidic,

and is characterized as Ca2? ? Na?- HCO3
- ?

SO4
2- ? Cl- type. The results demonstrate NH4

?

coming from agricultural activities and SO4
2- deriving

from natural chemical inputs are the major contaminants

in the groundwater at the study area. Correlations among

NO3
-, NH4

? and K? suggest that these ions come from

the same source of fertilizer and indicate a significant

degree of nitrification in the study area. The highly

positive correlations among the variables of HCO3
-,

SO4
2-, and Mg2? indicated that these ions were derived

from the same source of natural chemical inputs. Nitrate

isotopic composition suggests that nitrate in groundwa-

ter originates from chemical fertilizers, manure, and soil

organic matter.

Keywords Shallow groundwater � Rice crop

rotations � Groundwater chemistry � Nitrate

isotope � China

Introduction

Rice has been grown for thousands of years at the

Huzhou City, Hangjiahu Plain which is a grain base in

China. Huzhou City lies on longitude: 119�140E–

120�290E, latitude: 30�220N–31�110N (Fig. 1). With

the rapid economic development and growth of the

Chinese population, the annual usage of chemical

fertilizers has increased to as high as

400–600 kg N ha-1 to raise crop yield in East China

(Hu et al. 2005). Such large input of chemical fertilizers

may lead to the contamination of groundwater in the

Hangjiahu Plain. As a consequence, monitoring and

assessing groundwater quality taking spatio-temporal

variability into account become important issues to

protect groundwater and ensure environmental safety.

The chemical composition of groundwater is

determined by a number of processes, which include

atmospheric input, interaction of water with soil and

rock, input of chemicals derived from human activi-

ties, and infiltration and exfiltration processes between

aquifers and surface water bodies. The chemical data
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of the groundwater showed that HCO3
- was from

natural processes, NO3
- was related to human activ-

ities, and Ca2?, Mg2?, Cl- and SO4
2- were derived

from both pollution sources and natural processes at

Taejon area, Korea (Chan 2001). Nitrate which is the

common chemical composition caused the

groundwater pollution. Anthropogenic nitrogen load-

ing during agricultural activities is a major cause of the

rise in nitrate concentrations in groundwater in many

countries (Heaton et al. 2012; Zhao et al. 2007; Zhou

and Song 2004). The overuse of synthetic fertilizers

and manure has lead to the entry of nitrate into

Fig. 1 Geographic location

of the study area, and

groundwater sampling sites
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adjacent aquatic ecosystems, resulting in the deterio-

ration of water quality (Kendall and Aravena 2000;

Nolan 1999). In drinking water, nitrate in excess of

10 mg N L-1 may be toxic for infants and may be

responsible for increases in stomach cancer for other.

The nitrogen-stable isotopic composition of nitrate has

been extensively used for the identification of nitrogen

sources and transformation pathways in hydrologic

studies (Hübner 1986; Aravena and Robertson 1998;

Liu et al. 2006; Chae et al. 2009). Nitrogen is

composed of two stable isotopes with atomic masses

of 14 and 15. Nitrate from various nitrogen sources has

different nitrogen isotope ratios of 14N/15N (Kreitler

1975). For example, the majority of N in the

atmosphere is composed of 14N (99.6337 %) and the

remainder is composed of 15N (0.3663 %) (Junk and

Svec 1958). Researchers use nitrogen isotope values

that are compared with the ratio in the atmosphere

(standard) and are defined by the following equation to

determine the nitrate sources: d15N = [(15N/14N)sam-

ple - (15N/14N)standard]/[(15N/14N)standard] 9 1,000 to

determine the nitrate sources. Nitrate derived from

precipitation typically has values in the ranging from

-13 to ?13 %, whereas nitrate derived from com-

mercial fertilizers has -7.4 to ?6.8 %. Nitrate

derived from manure sources has ?15.0 to

?25.0 %, and nitrate derived from soil N has from

-3.0 to ?8.0 % (Kellman 2005; Bateman and Kelly

2007; Choi et al. 2007; Li et al. 2007; Lee et al. 2008;

Zhang et al. 2008; Xue et al. 2009; Koh et al. 2010;

Hosono et al. 2011; Xiao et al. 2012). However, the

variability of values within a single type of source may

affect the ability to distinguish one source from

another. Hydrochemical and stable isotopic

approaches were used to evaluate the groundwater

quality in the study area. A number of studies have

shown that hydrochemical and d15N analyses are

useful in discriminating NO3
- sources in groundwater

(Panno et al. 2001; Seiler 2005; Wassenaar et al. 2006;

Xue et al. 2009; Koh et al. 2010; Hosono et al. 2011).

For example, Liu et al. (2006) identified chemical

fertilizer as a main contributor of nitrate to suburban

groundwater and the sewage effluents might also

primarily affect the nitrate concentration in urban

groundwater.

In China, elevated nitrate concentrations in ground-

water often exceeding the national drinking water

standard of 20 mg L-1 of NO3
-–N have been

reported (Jin et al. 2004; Hu et al. 2005; Liu et al.

2005; MLR 2010). NO3–N in groundwater was

investigated in agricultural areas of North China and

the results showed that 34.1 % of the samples

exceeded the national drinking water standard (Zhao

et al. 2007). The flow of shallow groundwater and the

dynamics of NO3
- driven by groundwater flow are

under the influence of soil and aquifer characteristics,

precipitation, irrigation methods and strategies, crop-

ping systems, intensity of agriculture and amount and

timing of fertilizer application (Kellman 2005; Young

and Briggs 2005).

The leaching of fertilizer nitrogen (N) in paddy

soils has become not only an agricultural and an

environmental concern, but also an economic loss

from farmer’s perspective (Aulakh and Singh 1997;

Thorburn et al. 2003; Yan et al. 2008; Zhang et al.

2012). Beneficial agricultural management practices

are often promoted by reducing nitrate contamination

in aquifers through producer-optimized management

of inorganic fertilizer and animal manure inputs. Many

practices such as site-specific nitrogen and nutrient

management, real-time nitrogen management, non-

destructive quick test of nitrogen status in plants, new

slow and controlled release fertilizers, urea and

nitrification inhibitor to reduce nitrogen losses, have

been implemented since 2003 in the Hangjiahu Plain

to improve fertilizer use efficiency in rice growing

(Yan et al. 2008).

In the present study, we conducted a field exper-

iment in a rice growing area in Huzhou City of

Hangjiahu Plain to fulfill the following objectives:

(1) To analyze hydrochemical data and their spatial

and temporal variations of the groundwater
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Fig. 2 Precipitation in 2011, the average precipitation from

1981 to 2010, irrigation water depths and the average

groundwater table at the study area

Nutr Cycl Agroecosyst (2013) 96:171–184 173

123



collected in rice cropping systems (single crop-

ping rice system and rice-rape rotation system),

and then assess the groundwater quality in a

rice-growing area in Hangjiahu plain; and

(2) To determine the distribution of d15N of

groundwater nitrate; and investigate whether

d15N values can be used to identify nitrate

sources in a rice-growing area of East China.

Materials and methods

Description of the study area

The current study area where rice has been cultivated

for 50 years is located in Huzhou City, lies on the

south shore of the Taihu Lake (Fig. 1). The study area

lies about three meters above sea level and is built on

the marine, estuarine, and fluvial alluvium of the

Yangzi River (Fig. 1). Groundwater in the Hangzhou

Plain has a small hydraulic gradient of around 0.1 %.

The groundwater flow is relatively slow and the

direction of the groundwater flow is from southwest to

northeast. The aquifers are recharged primarily by the

rainfall but groundwater recharge is very limited in

Hangjiahu Plain (ZSIO 1993; CCRH 2012). Many

rivers and lakes are distributed in the Hangjiahu Plain,

and the average river network density in this area is

12.7 km km-2. Some rivers in the study area have

cement embankment. The study area has a subtropical

monsoon climate, and the annual average precipitation

is about 1,300 mm (1981–2010), the precipitation was

about 930 mm in 2011 (Fig. 2). Precipitation is the

most important factor that affects the change of the

river water table when temporarily variable factors of

the basin influencing the discharge are constant (Zhu

and Yao 2012). The temporal rainfall pattern in the

river basin and the study area are consistent. Reduced

precipitation results in the decrease of the river water

table. The average river water table was about 0.5 m

below the soil surface in the study area during October

to May in 2011. The average groundwater table was

from 0.5 to 3.0 m below the soil surface in the

Hangjiahu Plain (ZSIO 1993; CCRH 2012). The mean

air temperature is highest in July (30.8 �C) and lowest

in January (5.5 �C) with an annual average of 16.0 �C

(1981–2010). The annual average evaporation mea-

sured in an evaporation pan is about 900 mm

(1981–2010) (CCRH 2012).

The majority of soils at the study area are paddy soil

evolved from purple clay. The sand, silt, and clay

contents of the soil are 12.1–15.2, 36.2–40.9, and

51.7–44.0 % in the sampled fields, respectively. High

content of clay reduces the permeability of paddy soil.

Due to cultivation practices, hydraulic conductivity of

the soils is about 1.24 m day-1 at depths\60 cm. The

soils are compressed more tightly with increasing of

depth due to long-term geological stress. Hydraulic

conductivity of the soils is about 0.03 m day-1 at

depths between 60 and 300 cm. The pore medium is

generally heterogeneous in vertical and homogeneous

in horizontal, with an typical annual pattern of

groundwater table fluctuating between 1 m below

ground (February) and reaching the ground surface

(June–September) at the study area in 2011(Fig. 2).

We think that more shallow groundwater at the study

site is due to rice irrigation and lower topographic

location.

The main crops grown include single-cropping rice,

rice rape (rotation system), rice wheat (rotation

system), vegetables, mulberry, and fruit trees. The

single cropping rice system (the name of the hybrid

japonica rice is Zhejing 41) and rice-rape rotation

system (Zhejing 41–Zheyou 50, the name of the rape is

Zheyou 50) are the typical crops grown in the rice-

growing area. Rice cropping cultivation is from June

to November in two different systems. Irrigation is

needed to make rice growing from June to September

and furrow irrigation is used. All irrigation water

pumped from the river is conveyed into the rice

cropping area by main canals which are made of

cement with depth of 1 m and width of 0.6 m. The

irrigation water from the main irrigation canals is

distributed within the rice cropping area through

irrigation ditches with depth of 25 cm and width of

20 cm. The irrigation ditch and the main irrigation

canals are also used for drainage at the study area. The

water discharged with pump when pressure of the

water discharge from the irrigation ditch was lower

than that of surface water in the main canal. The

amount of irrigation water is about 6,500 m3 ha-1

every year in Hangjiahu Plain. The average irrigating

water utilization rate was 50 %. The average irrigation

water utilization rate refers to the ratio of the water

used by the crop to the total water pumped into the

irrigation system. Other irrigation water was lost

including 81 % of the percolation losses from bottom

of the channel, runoff, vertical leach and lateral
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seepage, 17 % of leakage losses from crack, and 2 %

of evapotranspiration losses. Liang et al. (2008)

showed that the irrigation water losses from vertical

leach accounted for 4.5 % of the total irrigation water.

A water layer of 1–3 cm is realized in the rice fields

above the soil surface during irrigation, the ground-

water table depth becomes 0.0 m below the soil

surface at that time. The fallow period of the single

cropping rice system is from December to May. The

rape cultivation period is from December to May in the

rice-rape rotation system. Large quantities of com-

mercial fertilizers such as urea [CO(NH2)2], NPK

compound fertilizers, (NH4)2SO4 and Ca(H2-

PO4)2�H2O, occasionally together with manure, have

been applied in the past years. To date, (NH4)2SO4 and

Ca(H2PO4)2�H2O are almost no longer used. During

the fallow period, manure and rice straws are applied

as base fertilizer (500–1,000 kg ha-1) in February.

Chemical fertilizers (50–150 kg N ha-1, 50–75 kg

ha-1 P2O5 and 50–75 kg ha-1 K2O) are used for rape

growing. The chemical fertilizer is used twice for rape

growing, NPK compound fertilizers used in December

and CO(NH2)2 used in February. The chemical

fertilizer (200–280 kg N ha-1,100–200 kg ha-1

P2O5 and 100–200 kg ha-1 K2O) is applied for rice

growing. The chemical fertilizer is used four times for

rice growing. The first application in June consists of

NPK compound fertilizer and the following applica-

tions in June, July and August use CO(NH2)2.

Sample collection methods

A series of polyvinyl chloride (PVC) pipes with an

inside diameter of 6 cm (B02M2, SEC) were installed

in the study area as groundwater wells in December

2008 (Fig. 1). These PVC pipes reached various

depths (30, 90, 150 and 300 cm). Four series were

installed in the single cropping rice system fields and

in the rice-rape rotation system fields, respectively.

According to the actual cultivation of the local

farmers, the sampling sites were selected where the

single cropping rice system and rice-rape rotation

system have worked more than 5 years. The bottom of

the pipes, which were made of clay, could allow the

penetration of groundwater into the tube. The cover at

the top of the pipes opens when groundwater that

accumulated in the pipe is extracted using a hand

vacuum pump (2005G2, SEC). Three irrigation water

samples were collected (Fig. 1). All samples were

collected on 3 January, 5 April, 6 July, and 5 October

2011, respectively. Electrical conductivity (EC), dis-

solved oxygen (DO), and pH value were measured

directly on the field. The total CO2 samples were

unfiltered and kept in 5 ml glass vials at 4 �C and

sealed using hermetic seals and were analyzed within

2 weeks. Samples of inorganic constituents, namely,

sodium (Na?), calcium (Ca2?), potassium (K?),

magnesium (Mg2?), ammonia (NH4
?), nitrite

(NO2
-), nitrate (NO3

-), chloride (Cl-), and sulfate

(SO4
2-) were collected in pre-cleaned polyethylene

bottles (0.05 L). The samples for the stable isotope

analysis were collected in pre-cleaned polyethylene

bottles (5 L) and stored under low temperature. The

samples for chemical analysis were filtered through

0.45 lm membrane (Whatman) in the laboratory on

the sampling day and stored in pre-cleaned polyeth-

ylene bottles (0.05 L) at a temperature of 4 �C, and

performed within 2 weeks. The samples for the stable

isotope analysis were filtered through 0.20 lm mem-

brane filters (Whatman) on the sampling day. Sample

pretreatment began with the samples for the stable

isotope analysis.

Chemical and isotope analysis

EC, DO, and pH were measured using an EC meter

(METTLER TOLEDO FG3-FK), a DO meter (EU-

TECH DO-110), and a pH meter (METTLER

TOLEDO FG2-FK), respectively. Water temperature

was measured together with EC using the EC meter.

Water table depth was monitored at PVC pipes with a

portable water level sensor (FOSHAN PY201).

Inorganic constituents were measured using an ion

chromatography system (ICS900, DIONEX) and the

range of relative standard deviations is within 8 % at 5 mg

NO3
- L-1 and 50 mg Ca2? L-1 of standard solution.

The total CO2 measurement was conducted using an

infrared analyzer (URA-106, SHIMADATU). The data

from 122 samples were analyzed with SPSS 16.0 version

and the data analysis was done with Pearson’s coefficient

of correlation. Data quality was checked using QA/QC

and by balancing the ionic changes.

The d15N values in nitrate were measured after the

method of Wada and Hattori (1976). The preparation

involved: (1) the removal of NH3 and the condensation

of nitrate by distillation under basic conditions, (2)

Kjeldahl reduction of nitrate to NH3, (3) steam

distillation of NH3 into dilute H2SO4 to form

Nutr Cycl Agroecosyst (2013) 96:171–184 175

123



T
a

b
le

1
C

h
em

ic
al

co
m

p
o

si
ti

o
n

o
f

sh
al

lo
w

g
ro

u
n

d
w

at
er

q
u

al
it

y
at

a
ri

ce
-g

ro
w

in
g

ar
ea

in
E

as
t

C
h

in
a

C
ro

p
sy

st
em

p
H

E
C

(l
S

cm
-

1
)

D
O

(m
g

L
-

1
)

H
C

O
3

-

(m
g

L
-

1
)

N
H

4
?

(m
g

L
-

1
)

N
O

2
-

(m
g

L
-

1
)

N
O

3
-

(m
g

L
-

1
)

C
l-

(m
g

L
-

1
)

S
O

4
2
-

(m
g

L
-

1
)

K
?

(m
g

L
-

1
)

C
a2

?

(m
g

L
-

1
)

N
a?

(m
g

L
-

1
)

M
g

2
?

(m
g

L
-

1
)

S
in

g
le

cr
o

p
p

in
g

ri
ce

sy
st

em
(f

al
lo

w
p

er
io

d
)

(n
=

2
9

)

A
v

e.
7

.3
9

1
,1

2
4

4
.2

9
2

1
3

.4
6

0
.1

9
0

.0
2

2
.8

2
5

2
.4

8
1

8
9

.4
3

1
.9

1
6

6
.2

6
5

5
.1

7
3

7
.7

9

M
ax

.
7

.6
0

1
,4

3
0

5
.8

0
3

9
3

.5
0

1
.7

5
0

.3
4

8
.0

9
7

8
.9

1
3

8
6

.4
0

5
.3

1
8

9
.7

6
1

1
5

.3
8

7
5

.3
9

M
in

.
7

.2
3

7
6

0
3

.2
0

7
6

.1
9

0
.0

0
0

.0
0

0
.9

1
1

9
.2

3
4

0
.3

8
0

.4
6

3
2

.6
0

2
6

.3
1

1
5

.1
2

S
in

g
le

cr
o

p
p

in
g

ri
ce

sy
st

em
(c

u
lt

iv
at

io
n

p
er

io
d

)
(n

=
3

2
)

A
v

e.
7

.1
9

1
,6

5
9

3
.5

5
2

2
8

.6
2

0
.4

8
0

.1
2

4
.0

4
5

1
.6

1
2

0
2

.1
7

2
.5

7
6

3
.5

5
6

1
.6

3
4

0
.3

8

M
ax

.
7

.7
1

2
,3

0
0

4
.3

4
4

1
2

.7
4

2
.5

4
0

.8
6

1
3

.7
3

7
0

.4
9

4
0

4
.7

1
6

.7
1

1
1

5
.6

9
1

2
2

.4
6

8
4

.1
3

M
in

.
6

.9
2

1
,0

3
9

2
.3

7
1

1
2

.3
5

0
.0

0
0

.0
0

1
.0

4
2

1
.4

4
3

0
.2

1
0

.5
9

2
5

.2
9

2
1

.2
7

1
4

.7
9

R
ic

e-
ra

p
e

ro
ta

ti
o

n
sy

st
em

(r
ap

e
cu

lt
iv

at
io

n
p

er
io

d
)

(n
=

2
9

)

A
v

e.
7

.4
2

1
,6

4
4

4
.3

9
2

1
7

.5
6

0
.3

5
0

.0
4

3
.4

2
5

8
.4

2
2

0
8

.9
0

2
.6

4
6

6
.1

5
5

8
.0

7
3

9
.2

0

M
ax

.
7

.7
5

2
,2

1
0

6
.3

0
3

5
4

.2
5

1
.9

9
0

.7
0

9
.0

3
7

4
.3

4
3

3
1

.0
7

8
.0

3
1

0
7

.8
8

1
1

0
.2

3
8

0
.6

9

M
in

.
6

.6
9

9
3

6
3

.3
0

1
0

9
.1

2
0

.0
0

0
.0

0
0

.3
2

3
1

.5
6

8
8

.3
1

0
.3

6
3

8
.7

5
2

4
.7

3
1

8
.5

6

R
ic

e-
ra

p
e

ro
ta

ti
o

n
sy

st
em

(r
ic

e
cu

lt
iv

at
io

n
p

er
io

d
)

(n
=

3
2

)

A
v

e.
7

.2
5

1
,6

8
3

3
.5

0
2

0
4

.1
4

0
.5

0
0

.0
9

3
.5

2
5

5
.6

5
2

0
9

.3
6

2
.4

5
6

0
.4

2
5

9
.7

8
4

1
.6

2

M
ax

.
7

.8
0

2
,1

1
0

4
.0

6
3

6
0

.0
2

2
.0

1
0

.6
0

1
0

.1
1

8
9

.4
3

3
6

8
.1

1
7

.1
8

1
2

2
.5

7
1

1
7

.1
9

6
9

.2
8

M
in

.
6

.9
3

7
8

2
2

.2
0

6
9

.3
9

0
.0

0
0

.0
0

0
.4

8
3

4
.8

9
4

4
.3

9
1

.0
7

2
3

.9
4

2
0

.3
3

1
2

.0
1

Ir
ri

g
at

io
n

w
at

er
(n

=
3

)

A
v

e.
6

.6
5

3
9

6
5

.4
8

2
.2

7
0

.4
2

0
.2

7
7

.7
2

1
0

.7
0

1
8

.1
5

3
.2

7
3

0
.5

7
1

0
.1

0
4

.3
0

M
ax

.
6

.7
4

5
9

2
7

.3
1

6
8

.8
0

0
.6

9
0

.7
9

7
.8

2
1

6
.5

6
2

2
.5

9
4

.0
3

3
7

.3
4

1
6

.7
2

5
.9

7

M
in

.
6

.4
9

3
4

6
4

.5
1

0
.7

9
0

.2
4

0
.0

0
4

.7
8

4
.8

9
1

2
.9

1
2

.3
8

2
2

.7
1

5
.4

6
3

.4
4

n
N

u
m

b
er

s
in

p
ar

en
th

es
es

in
d

ic
at

e
th

e
n

u
m

b
er

o
f

g
ro

u
n

d
w

at
er

w
el

ls

176 Nutr Cycl Agroecosyst (2013) 96:171–184

123



T
a

b
le

2
S

p
at

ia
l

v
ar

ia
ti

o
n

s
o

f
sh

al
lo

w
g

ro
u

n
d

w
at

er
q

u
al

it
y

at
a

ri
ce

-g
ro

w
in

g
ar

ea
in

E
as

t
C

h
in

a

C
ro

p
sy

st
em

D
ep

th

(c
m

)

n
p
H

E
C

(l
S

cm
-

1
)

D
O

(m
g

L
-

1
)

H
C

O
3
-

(m
g

L
-

1
)

N
H

4
?

(m
g

L
-

1
)

N
O

2
-

(m
g

L
-

1
)

N
O

3
-

(m
g

L
-

1
)

C
l-

(m
g

L
-

1
)

S
O

4
2
-

(m
g

L
-

1
)

K
?

(m
g

L
-

1
)

C
a2

?

(m
g

L
-

1
)

N
a?

(m
g L
-

1
)

M
g

2
?

(m
g

L
-

1
)

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(f
al

lo
w

p
er

io
d
)

3
0

6
7
.3

5
9
7
4

4
.7

0
1
2
3
.3

6
0
.3

3
0
.0

5
3
.1

9
5
0
.4

9
1
6
4
.6

9
2
.0

6
6
9
.7

6
4
1
.0

3
3
1
.4

1

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(c
u
lt

iv
at

io
n

p
er

io
d
)

8
7
.2

4
1
,5

0
8

4
.1

6
1
7
5
.6

8
0
.4

2
0
.2

0
4
.8

7
5
0
.4

8
1
3
0
.7

0
3
.0

4
7
3
.0

2
7
6
.1

8
3
5
.4

1

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ap
e

cu
lt

iv
at

io
n

p
er

io
d
)

6
7
.4

1
1
,4

3
2

4
.7

1
1
6
4
.2

2
0
.2

4
0
.1

1
3
.5

6
5
5
.4

6
1
9
3
.8

5
3
.1

8
7
7
.5

6
7
0
.9

3
3
0
.7

6

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ic
e

cu
lt

iv
at

io
n

p
er

io
d
)

8
7
.1

7
1
,3

5
9

4
.1

0
1
3
9
.2

7
0
.4

3
0
.1

2
4
.3

8
5
4
.3

0
1
5
1
.4

3
2
.4

6
6
3
.6

1
6
0
.0

6
3
3
.1

4

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(f
al

lo
w

p
er

io
d
)

9
0

7
7
.3

6
9
5
3

4
.2

9
1
7
5
.2

5
0
.2

8
0
.0

3
3
.0

2
5
0
.4

0
1
1
9
.1

5
1
.6

4
6
1
.0

1
4
3
.6

6
2
9
.4

8

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(c
u
lt

iv
at

io
n

p
er

io
d
)

8
7
.1

1
1
,4

3
7

3
.7

2
1
6
8
.7

3
0
.4

8
0
.2

0
5
.3

1
5
1
.6

4
1
3
6
.1

1
2
.8

1
5
5
.5

6
4
2
.4

2
3
5
.5

0

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ap
e

cu
lt

iv
at

io
n

p
er

io
d
)

7
7
.4

1
1
,3

6
8

4
.5

5
2
0
4
.4

7
0
.8

3
0
.0

2
5
.1

4
5
8
.7

6
1
6
0
.0

6
2
.4

6
7
7
.4

4
6
2
.5

3
3
4
.9

0

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ic
e

cu
lt

iv
at

io
n

p
er

io
d
)

8
7
.1

8
1
,4

4
8

3
.4

5
1
8
6
.9

8
0
.5

3
0
.1

9
4
.9

2
6
1
.4

3
2
1
2
.0

0
2
.3

8
7
2
.1

9
7
0
.0

6
4
0
.3

7

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(f
al

lo
w

p
er

io
d
)

1
5
0

8
7
.2

9
1
,3

8
2

4
.2

3
2
8
0
.6

9
0
.1

3
0
.0

2
2
.0

1
4
8
.0

3
2
2
1
.3

5
2
.1

0
6
1
.1

7
5
0
.5

2
4
2
.6

1

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(c
u
lt

iv
at

io
n

p
er

io
d
)R

ic
e-

ra
p
e

8
7
.1

7
1
,6

7
5

3
.3

2
2
9
0
.5

1
0
.4

2
0
.1

3
3
.5

4
4
9
.1

9
2
4
6
.5

4
2
.7

6
6
3
.0

3
5
4
.0

3
3
8
.5

5

R
o
ta

ti
o
n

sy
st

em
(r

ap
e

cu
lt

iv
at

io
n

p
er

io
d
)

8
7
.4

4
1
,8

6
3

4
.2

0
2
6
5
.0

0
0
.2

6
0
.0

0
3
.1

7
5
8
.7

9
2
3
4
.9

3
2
.5

6
6
5
.1

7
4
4
.4

3
4
3
.9

6

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ic
e

cu
lt

iv
at

io
n

p
er

io
d
)

8
7
.2

0
1
,8

7
5

3
.3

0
2
1
2
.0

0
0
.6

8
0
.0

6
2
.7

8
5
4
.0

6
2
4
0
.1

5
2
.5

2
5
5
.2

0
4
8
.0

0
4
1
.1

8

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(f
al

lo
w

p
er

io
d
)

3
0
0

8
7
.4

1
1
,4

7
4

3
.9

3
2
3
9
.9

0
0
.0

5
0
.0

5
2
.6

3
5
4
.5

7
2
8
9
.2

3
1
.6

0
6
3
.5

9
7
7
.5

7
4
6
.6

3

S
in

g
le

cr
o
p
p
in

g
ri

ce
sy

st
em

(c
u
lt

iv
at

io
n

p
er

io
d
)

8
7
.3

6
1
,8

6
6

3
.0

0
2
4
1
.7

9
0
.2

8
0
.0

8
2
.0

2
5
1
.5

9
3
0
9
.0

0
2
.1

0
5
5
.2

0
7
4
.3

4
4
1
.6

4

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ap
e

cu
lt

iv
at

io
n

p
er

io
d
)

8
7
.4

6
1
,9

2
5

4
.0

5
2
4
3
.3

9
0
.0

9
0
.0

0
1
.9

3
5
9
.0

6
2
0
3
.6

2
2
.9

0
5
9
.2

6
4
0
.6

1
4
7
.7

2

R
ic

e-
ra

p
e

ro
ta

ti
o
n

sy
st

em
(r

ic
e

cu
lt

iv
at

io
n

p
er

io
d
)

8
7
.3

8
1
,8

0
0

3
.1

2
2
8
9
.2

8
0
.2

0
0
.0

2
2
.1

4
5
7
.0

3
2
2
6
.0

5
2
.7

5
5
3
.5

9
6
0
.9

0
4
6
.8

8

n
T

h
e

n
u
m

b
er

o
f

g
ro

u
n
d
w

at
er

w
el

ls

Nutr Cycl Agroecosyst (2013) 96:171–184 177

123



(NH4)2SO4, and (4) oxidation of ammonium by

NaOBr to obtain N2. Finally, N2 gas was compressed

in an evacuated Pyrex ampoule with a mercury

Toepler pump and flame-sealed. The stable isotope

ratio of nitrate was determined using a mass spec-

trometer (Sercon Integra CN) and the range of relative

standard deviations at 5 mg NO3
- L-1 of standard

solution is within 9 %.

Results and discussion

Chemical composition of groundwater

The pH values obtained for groundwater in the rice-

growing area varied between 6.69 and 7.80 (Table 1).

No significant spatial variations in pH values were

observed, and most of the groundwater was neutral to

alkaline. All values were in the desirable range within

the statutory limit (pH 6.5–8.5) for drinking water

GB5749-2006 (2006). The average level of EC of

groundwater from the single cropping rice system was

1,124 lS cm-1 during the fallow period, whereas that

of groundwater during the cultivation period for rice

and rape was more than 1,600 lS cm-1. The ground-

water EC from the single cropping rice system during

the fallow period was lower than that during the

cultivation period for rice and rape. The variations are

mainly attributed to the absence of chemical fertilizer

use in the single cropping rice system during the

fallow period. The groundwater EC in the lower

groundwater ([150 cm) was higher than that in the

upper groundwater (\150 cm; Table 2). The correla-

tion matrices for the 12 variables (Na?, Ca2?, K?,

Mg2?, NH4
?, HCO3

-, NO2
-, NO3

-, Cl-, SO4
2-, EC,

and well depth) are shown in Table 3. The well depth

and EC were strongly and significantly correlated,

which is attributed to ion absorption during plant

growth at the cultivation layer. Another reason may be

the characteristics of the soil which has the interaction

with groundwater. Soil contains Ca, Mg, S, and other

chemical elements, they enter into the groundwater

through the complex physical, chemical and biological

interaction. The DO concentration was

2.20–6.30 mg L-1 in the rice-growing area (Table 1).

With increasing depth, the DO concentration in

groundwater was decreased. Most of the groundwater

was aerobic. The groundwater temperature revealed a

seasonal variation with the maximum (30.2 �C) in the

summer and the minimum (7.9 �C) in the winter

(Table 4).

The Piper diagram of these sampling is shown in

Fig. 3. The triangular diagrams demonstrated that the

groundwater was dominated by Ca2? and Na? ([74 %)

for cations, whereas K? consisted\5 % across samples.

HCO3
- and SO42- were the major anions in the

groundwater and generally accounted for[85 % of the

total anions in these samples. Generally, the hydro-

chemical facies of the groundwater was characterized as

Ca2? ? Na?–HCO3
- ? SO4

2- ? Cl- type (Fig. 3).

Jamshidzadeh and Mirbagheri (2011) investigated the

chemical evolution of groundwater along the

Table 3 Matrix of correlation among the chemical constituents for 122 samples of the shallow groundwater

EC HCO3
- NH4

? NO2
- NO3

- Cl- SO4
2- K? Ca2? Na? Mg2? Well depth

EC 1

HCO3
- 0.216* 1

NH4
? -0.132 0.097 1

NO2
- 0.122 -0.196 0.218* 1

NO3
- -0.114 -0.033 0.336** 0.194 1

Cl- 0.036 -0.195 -0.003 -0.035 0.051 1

SO4
2- 0.295** 0.249** -0.122 -0.047 -0.189 0.137 1

K? 0.010 0.020 0.121 -0.039 0.216* 0.091 -0.133 1

Ca2? -0.138 -0.136 -0.133 -0.035 0.112 0.108 -0.029 0.145 1

Na? -0.017 -0.092 0.015 -0.001 -0.157 -0.096 0.186 -0.060 -0.054 1

Mg2? 0.219* 0.216* -0.132 -0.132 -0.109 -0.015 0.221* 0.073 -0.089 0.151 1

Well depth 0.306** 0.199 -0.239* -0.268** -0.314** 0.006 0.090 -0.033 -0.005 0.145 0.214* 1

* Pearson’s coefficient of correlation is significant at the 0.05 level (2-tailed) (p \ 0.05)

** Pearson’s coefficient of correlation is significant at the 0.01 level (2-tailed) (p \ 0.01)
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groundwater flow in the study area and stated that a

HCO3
- ? SO4

2- ? Cl- water type exists from

recharge to discharge. Shallow groundwater is more

likely to show the effects of artificial activities at the

surface compared with deep groundwater (Gilliom et al.

1995). The water type of the shallow groundwater

revealed that the shallow groundwater demonstrated

the impact of artificial activities at the surface.

The irrigation water was dominated by Ca2? (about

63 %) for cations and HCO3
- (about 60 %) for anions

(Fig. 3). The hydrochemical facies of the irrigation

water was characterized as Ca2?–HCO3
- type.

Ca2? was present in groundwater at concentrations

of 23.94–122.57 mg L-1 (Table 1). The amount of

Na? in groundwater is between 20.33 and 122.46 mg

L-1 (Table 1). Ca2? and Na? in groundwater could be

Table 4 The d15N values

(%) and major ions

concentrations in shallow

groundwater

sr Single cropping rice

system, rr rice-rape rotation

system

Sample Well depth

(cm)

Temperature

(�C)

NH4
?

(mg L-1)

NO2
-

(mg L-1)

NO3
-

(mg L-1)

d15N

(%)

Winter (3-Jan-11)

sr-1 30 7.9 0.25 0.00 2.10 7.7

90 8.2 0.09 0.00 1.54 10.6

150 9.2 0.00 0.00 2.53 8.0

300 9.6 0.00 0.00 2.07 2.4

rr-1 30 8.0 0.26 0.00 7.37 1.9

90 9.1 0.38 0.00 5.63 3.2

150 9.7 0.04 0.00 2.69 2.1

300 10.0 0.00 0.00 2.01 2.2

Spring (5-Apr-11)

sr-1 30 13.2 0.19 0.63 4.7 2.6

90 12.7 0.15 0.00 9.5 1.7

150 12.8 0.00 0.00 3.05 2.0

300 13.0 0.00 0.00 1.93 2.2

rr-1 30 12.6 0.08 0.00 5.96 0.5

90 13.0 0.04 0.00 4.51 2.6

150 12.7 0.03 0.00 2.28 1.8

300 13.1 0.00 0.00 0.94 2.3

Summer (6-July-11)

sr-1 30 29.8 0.46 0.01 9.97 2.2

90 28.3 0.20 0.00 12.12 4.5

150 27.6 0.04 0.00 6.99 14.8

300 27.1 0.30 0.00 3.00 3.5

rr-1 30 30.2 0.51 0.00 3.88 4.8

90 29.5 0.00 0.00 7.69 3.6

150 27.4 0.50 0.00 5.14 2.7

300 27.0 0.00 0.00 3.89 2.9

Fall (5-Oct-11)

sr-1 30 21.1 0.00 0.00 1.56 5.8

90 21.3 0.20 0.00 8.02 1.9

150 21.5 0.00 0.00 1.94 2.1

300 21.9 0.00 0.00 1.29 3.8

rr-1 30 21.3 0.37 0.43 3.64 1.8

90 21.4 0.18 0.00 4.53 4.1

150 21.5 0.00 0.00 1.38 2.0

300 22.0 0.00 0.00 1.51 8.7
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derived from lacustrine sediments through the follow-

ing reaction: (Ca,Na)Al2Si2O8 ? H2O ? 2H?$Al2
Si2O5(OH)4 ? (Ca2? or Na?) (Chan 2001). Ca2?

could also come from the fertilizer (Ca(H2PO4)2�
H2O). Ca2? and Na? in groundwater could also be

attributed to the use of manure. The Mg2? concentra-

tion ranged from 12.01 to 84.13 mg L-1. Mg is the

fourth essential nutrient for the plant growth after N, P,

and K. The groundwater Mg2? in the upper ground-

water (\150 cm) was lower than that in the lower

groundwater ([150 cm) because plants absorb Mg

from the soil (Table 2). The concentrations of Ca2?

and Mg2? concentration in the groundwater samples

were converted into CaCO3 hardness. The hardness of

the groundwater in the study area was moderately hard

waters (75–150 mg L-1). The K? concentration in

groundwater ranged from 1.60 to 3.36 mg L-1, and

was lower during the fallow period in groundwater

from single cropping rice system than during the

cultivation for rice and rape. This difference is

attributed to the use of chemical fertilizers, such as

the NPK compound fertilizer during the cultivation

period.

The HCO3
- concentration in groundwater ranged

from 69.39 to 412.74 mg L-1 (Table 1). Relatively

high HCO3
- concentrations were observed in the

lower groundwater ([150 cm) (Table 2). Natural

processes, such as the dissolution of carbonate min-

erals and of atmospheric and soil CO2 gas are possible

mechanisms that filter HCO3
- into groundwater (Chen

et al. 2010), which can be explained as

CaCO3 þ CO2 þ H2O$ Ca2þ þ 2HCO�3 ð1Þ

CO2 þ H2O $ Hþ þ HCO�3 : ð2Þ

Cl- concentration in groundwater ranged from

19.23 to 89.43 mg L-1 (Table 1). Cl- can be derived

from pollution sources, including domestic wastewa-

ter, septic effluent, chemical fertilizers, manure, and

road salt as well as from natural sources, such as

rainfall carrying Cl-bearing minerals (Chan 2001).

The chemical species dissolved in the groundwater are

not independent, and the relationships between dif-

ferent ions and EC can be used to study groundwater

characteristics and mineralization sources.

Fig. 3 Piper plots of

groundwater samples from

different rice cropping

systems and irrigation water
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Information on the relationship of the measured

variables are unknown, therefore a one-tailed test of

significance was carried out. Pearson correlation

analysis did not show a significant correlation existed

between Na? and Cl- (Table 3) and domestic waste-

water was discharged into the wastewater treatment

plant, which signified that domestic wastewater and

septic effluent were probably not the major pollution

sources.

The SO4
2- concentration in groundwater was a high,

and 20.8 % of the groundwater samples had higher

SO4
2- concentrations than the statutory limit

(250 mg L-1) for drinking water (GB5749) (Table 1).

The high level of SO4
2- in groundwater originated

from the paddy soil, which contained high sulfur levels

(299.2 mg kg-1). The average SO4
2- concentration for

the single cropping rice system during the fallow period

was lower than that during the cultivation period for

rice and rape. Other sources of SO4
2- include rainfall

and manure. Table 3 shows a high positive correlation

among HCO3
-, SO4

2-, Mg2?, and EC. Similarly, the

statistical analysis between Mg2?, SO4
2- and HCO3

-,

between Mg2? and SO4
2- also demonstrated good

correlations, which means that the HCO3
-, SO4

2- and

Mg2? concentrations in the groundwater were mainly

contributed by natural chemical inputs.

The NO3
- concentration in groundwater ranged

from 0.91 to 7.09 mg L-1 for the single cropping rice

system during the fallow period, 1.04 to 13.73 mg L-1

for the single cropping rice system during the culti-

vation period, 0.32–9.03 mg L-1 for the rice-rape

rotation system during the rape cultivation period, and

0.48–10.11 mg L-1 for the rice-rape rotation system

during the rice cultivation period (Table 1). These

samples had a lower nitrate content than the statutory

limit (20 mg L-1 for N) for drinking water (GB5749).

On average, the groundwater from the single cropping

rice system during the fallow period had a lower NO3
-

concentration than that during the cultivation period,

where chemical fertilizers, such as CO(NH2)2 and

NPK, and manure were used for growing rice and rape.

A significant positive correlation was found between

K? and NO3
-, which signified that NO3

- concentra-

tion in groundwater was contributed by NPK com-

pound fertilizer.

It was found that the average NH4
? concentration

in groundwater during cultivation period was higher

than that during fallow period (Table 1). A total of

33.3 % of the groundwater samples from the rice-rape

rotation system during the rice cultivation period,

30.0 % of the samples from the single cropping rice

system during the cultivation period, 19.05 % from

the rice-rape rotation system during the rape cultiva-

tion period, and 5.6 % from the single cropping rice

system during the fallow period showed high NH4
?

concentrations that exceeded the maximum permissi-

ble limits (0.5 NH4
?–N mg L-1). NH4

? was detected

as the groundwater contaminant in this rice growing

area. The chemical fertilizers and manure used for rice

and rape planting were the identified cause of NH4
?

pollution in groundwater. When no chemical fertiliz-

ers, and only minimal manure was used in paddy fields

during the fallow period, the NH4
? levels in the lower

groundwater ([150 cm) decreased or became zero

(Table 4). A significant positive correlation was found

among NO3
-, NO2

- and NH4
? (Table 3). Which

indicated that NO3
- and NO2

- in groundwater

originated from the nitrification of N fertilizer

(NH4
? ? 2O2 $ NO3

- ? 2H? ? H2O). It was also

observed that NO3
-, NO2

- and NH4
? and well depth

were negatively correlated, which further demon-

strated that the NO3
-, NO2

- and NH4
? concentrations

in groundwater originated from the N fertilizer.

The concentrations of Na?, Ca2?, K?, Mg2?,

HCO3
-, Cl-, SO4

2- in the irrigation water were

lower than that in the groundwater and the NO3
-

concentration was higher than that in the groundwater

(Table 1). Hydrochemical characteristics of the irri-

gation water were different from that of the ground-

water in the study area. On the other hand, the

permeability of paddy soil is low and the groundwater

table is higher than the river water table at the study

area. This supports the assessment that the surface

water had a minor impact on the groundwater in the

study area.

d15NNO3
values of groundwater

Groundwater samples for nitrogen isotope analysis

were collected across four seasons from two different

rice-growing systems (Table 4).

The d15NNO3
values for the groundwater samples

from the study area ranged from 0.5 to 14.8 %
(Table 4). The d15NNO3

values in the rice-growing area

in Huzhou City ranged from -0.8 to 20.8 % (Jin et al.

2012), whereas for a rice-growing area studied in Japan

the values were from 0.5 to 38.4 % (Hirata 1996).
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However, these values differed from those found

in other agricultural areas, such as Québec, Canada,

from 3.1 to 4.9 % (Bonton et al. 2010), and the

Keum River Watershed in Korea, from 5.8 to 11.4 %
(Chae et al. 2009). In the current study, most of

the d15N and NO3
- values for the groundwater

samples from two different rice-growing systems

were within a relatively restricted grouping (Fig. 4).

Neither atmospheric NO3
- deposition nor NO3

-

fertilizer was reported as a dominant source of

groundwater NO3
- in the agricultural area of Huzhou

City (Jin et al. 2012). The d15N values indicated that

chemical fertilizer, manure, and soil organic N were

the possible NO3
- sources in the groundwater in the

said rice-planting area. DO levels, which ranged from

2.20 to 6.30 mg L-1, showed that the groundwater in

the rice-growing area was aerobic, considering deni-

trification trends were not observed. Furthermore,

NH4
? and NO2

- concentrations were observed in the

groundwater. Meanwhile, nitrification is a microbially

mediated process, in which NH4
? is oxidized to NO2

-.

NO3
-, which is newly generated via nitrification, is

significantly depleted in 15N with respect to substrate

NH4
? because nitrogen isotopic discrimination arising

from nitrification is significantly large. In the current

study, the nitrification of manure, chemical fertilizers,

and soil organic matter contained in the study area

mainly produced NO3
-.

The d15N values in the groundwater from the single

cropping rice system (fallow period) varied from 1.7 to

10.6 %. The d15N values in the groundwater from the

single cropping rice system (fallow period) in winter

showed high d15N values, with an average of 7.2 %.

During the fallow period, manure and rice straws were

applied as base fertilizer (500–1,000 kg ha-1), but

chemical fertilizers were not applied in the single

cropping rice system during fallow period (December

2010). Therefore, the higher d15N values in the

groundwater from single cropping rice (fallow period)

varied consistently with the NO3
- organic N-loadings

from manure, which indicated that manure and rice

straws were the main nitrate sources in the groundwater

from the single cropping rice system during the fallow

period (January 2012) in the upper layer (\150 cm)

because of high d15N values (7.7–10.6 %). After a

certain period of time, manure and rice straws were

decomposed. Thus, the d15N values in the groundwater

from the single cropping rice system during the fallow

period in spring were low, which implies that soil

organic matter was the main nitrate source in the

groundwater from the single-cropping rice system

during the fallow period (April 2012). The d15N values

in the lower groundwater (300 cm) did not present

evident changes from winter to spring. Human agricul-

tural activities are suggested to have a slight effect on

the lower groundwater (300 cm).

Table 3 shows that the groundwater samples from

the rice-rape rotation system during the rape cultivation

period displayed d15N values ranging from 0.5 to 3.2 %
and averaged at 2.1 %. Most of the samples were

collected from the compositional fields of chemical

fertilizers and soil organic matter. In the study area,

nitrogenous chemical fertilizers (50–150 kg N ha-1)

were used for rape crops. Both chemical fertilizers and

soil organic matter were the main nitrate sources in

groundwater from the rice-rape rotation system during

the rape cultivation period.

The d15N values in the groundwater from the single

cropping rice system during the cultivation period

varied from 1.9 to 14.8 %, with an average of 4.9 %
(Fig. 4). The d15N values in the groundwater from the

rice-rape rotation system during the rice cultivation

period varied from 1.8 to 8.7 %, with an average of

3.8 % (Fig. 4). No significant differences were

observed between the d15N values of the groundwater

samples from the single cropping rice system during

the cultivation period and those of the groundwater

from the rice-rape rotation system during the rice

cultivation period. Zhang (2010) reported that nitrog-

enous chemical fertilizers for rice paddy crops were

used at 100–300 kg N ha-1 in East China, which may

explain why the d15N values for the rice-growing

period were similar to the nitrogen isotope ratios of

nitrogenous chemical fertilizers and soil organic

matter.

Conclusions

The results of this research show that groundwater in

the rice-growing area located in Hangjiahu Plain, East

China was affected by agricultural activities and

natural chemical inputs, specifically by SO4
2- and

NH4
? contamination. Of the samples, 20.8 and 22.9 %

of samples exceed the regulatory drinking water limit

for SO4
2- and NH4

?, respectively. The data on the

physico-chemical parameters of groundwater quality

in the study area demonstrated that SO4
2-

182 Nutr Cycl Agroecosyst (2013) 96:171–184

123



contamination was correlated with natural chemical

inputs and NH4
? contamination due to the agricultural

activities. The d15N data showed that chemical

fertilizers and soil organic matter were the dominant

NO3
- sources in the groundwater of the said rice-

growing area during the cultivation period, whereas

the sources during the fallow period were soil organic

matter and manure. Based on the data on the physico-

chemical parameters of groundwater quality, most

NO3
- are presumably produced by nitrification.

The important observation made in the current

study was that NO3
- pollution (more than

10 mg N L-1) in the groundwater did not exist in

the rice-growing area at Hangjiahu Plain, China, and

thus differing from other agricultural areas in the

country. Therefore, careful management of fertilizer

and manure use is effective in minimizing NO3
-

concentrations in the groundwater and should thus be

continuously carried out. Such measures include site-

specific and real-time nitrogen management, non-

destructive quick test of the nitrogen status of plants,

new types of slow release and controlled release

fertilizers, site-specific nutrient management, and

using urease inhibitor and nitrification inhibitor to

decrease nitrogen losses. Sewage irrigation has never

been performed at the study area. The results further

suggest that the monitoring of groundwater quality in

rice-growing areas should be conducted to assess

pollution resulting from agricultural activities and

their variations.
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