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Abstract: Water resource shortage has been a serious problem since the 1980s in the North
China Plain (NCP), resulting in plenty of environmental problems. Estimating the groundwater
recharge rate accurately is vital for managing groundwater effectively. This study applied several
methods, including chloride mass-balance, tracers (bromide and tritium) and numerical modeling
(Hydrus-1D), to estimate groundwater recharge at three representative sites of the NCP: Zhengding
(ZD), Luancheng (LC) and Hengshui (HS). The chloride concentration of the soil profile in the ZD
site showed that the mean recharge was 3.84 mm/year with the residence time of 105 years for
soil water transferring through the vadose area of 45.0 m in depth in the preferential flow model
mainly. Considering the influence of preferential flow on the soil water movement in the field scale,
the traditional methods (e.g., peak method of bromide and tritium tracers based on piston flow
described in the literature) could be unsuitable to estimate groundwater recharge in the LC and HS
sites, especially in areas with low recharge rates. Therefore, multi-region and mass balance methods
were applied in this study. The results of this investigation showed that the mean values of recharge
were 124.3 and 18.0 mm/year in the LC and HS sites, respectively, in 2010. Owing to complexity and
uncertainty on the surface resulting from the measuring of evapotranspiration, the upper boundary
of 1.4 m (under the ground where most of the plant roots did not reach) was chosen for the numerical
modeling of Hydrus-1D, and the result showed that the mean recharge was 225 mm/year from 2003
to 2007, consistent with the result of tracers in the previous literature. The result also showed that
the positive relation of groundwater recharge and the sum of irrigation and rainfall was presented
in the spatial and temporal scale. Additionally, human activities promoted the recharge rate, and
recharge rates increased with greater depths in the LC site generally. However, both cases did not
appear clearly in the HS site, showing that the low penetrability of soil controlled the recharge rate in
this site.
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1. Introduction

Groundwater is a vital part of the water resources used for agriculture, especially for arid and
semi-arid areas, such as the North China Plain (NCP). Since the 1980s, about 70% (9 × 104 km2) of the
total area was involved in the over-pumping of groundwater in the North China Plain, which resulted
in many problems: a rapid decline of the groundwater level at a rate of 0.5 to 2.0 m/year, many cones
of depression occurring in the main cities (5.4 × 104 km2), sea-water intrusion in the coastal area,
the interface between salt water and fresh water declining in the middle of the east area and land
subsidence in the coastal area [1,2]. Since the 1990s, the government of China recognized these serious
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problems, advising water-saving agricultural practices, such as drop irrigation, sprinkling irrigation,
straw mulching and polythene mulching [3]. However, serious problems are still present, because the
fast economic development of agriculture and industry needs more and more fresh water, most of
which is pumped from ground aquifers. Therefore, effective management of groundwater is significant
for the sustainable development of agriculture and industry in this area. In order to determine the safe
yield of the groundwater, a reliable estimate of groundwater recharge is needed.

Since the mid-1980s, geological scientists have been interested in the study of groundwater
recharge. Different methods were chosen to estimate groundwater recharge depending on the certain
conditions of study areas, such as data types, land use, amount of recharge and the spatial and
temporal scale. Common methods are water-balance, lysimeters, zero-flux plane, Darcy’s law, the
watertable fluctuation method, heat tracer, applied tracers (Br−, I−, 3H), historical tracers (3H, 36Cl),
environmental tracers (Cl−, NO3

−, 3H, 18O), fluorescent tracers (rhodamine WT, fluorescein) and the
model method [4–6]. Over the last 20 years, the methods of tracing and modeling were considered as
the most valuable methods in the world.

An environmental tracer, such as chloride, was used to estimate the groundwater recharge by the
mean concentration of chloride below the rooting zone, supposing that the concentration of chloride
keeps constant below the depth of the rooting zone. The sources of chloride, e.g., annual deposit
(wet and dry) and quality of irrigation and fertilizer should be investigated exactly in the crop areas.
The method was used and compared to other methods in many literature works, improving the
understanding of groundwater recharge [7–12]. However, it is difficult to collect the data of chloride
sources in long term.

Historical tracers (3H and 36Cl), resulting from human activities or historical events in the past,
were used to estimate the groundwater recharge by the location of the tracers’ concentration peak,
assuming the piston flow for soil water [13]. Annual long-term recharge could be estimated, which is
important to understand groundwater resources. However, the method may be limited by the depth of
the groundwater level. The peak moved into the groundwater and disappeared in most of the North
China Plain, especially in the crop areas where human events happened 50 years ago.

As the historical tracers, applied tracers are identified as a useful tool to estimate groundwater
recharge, used as a pulse at the soil surface or underground. Main applied tracers were bromide,
tritium and fluorescein dyes, which were successful and effective in estimating the groundwater
recharge at present [14–17]. We should take note that the recharge calculated by the applied tracers
is an average transport velocity based on Darcy’s law. The liquid tracer was injected at some depth
of soil with more than a 0.01 m error, which was not acceptable, and the liquid tracers are unsuitable
when the recharge is very small (less than 20 mm/year). Additionally, different shapes of tracers’
concentration distribution in the soil profile with the same depth of concentration peak should show
different recharge rates. This method should be improved to investigate recharge exactly using the
multimodal pore size distribution, the multi-penetrative model (multi-region) and the multilevel spline
model [18,19].

An alternative method to estimate the groundwater recharge is numerical simulation. Hydrus-1D
has been used successively and widely to estimate soil hydraulic parameters by the global optimization
method, soil water and solute movement and groundwater recharge [20–23]. In the field scale, the
surface condition is too complicated to acquire exact data, such as evapotranspiration, soil evaporation
and irrigation, which may make the model fail [24]. Choosing the depth below the rooting zone as the
upper boundary of the model, with measuring of soil water content and potential in the long term,
may solve this problem [25].

The main objectives of this study were to estimate the groundwater recharge in some
representative areas of NCP by the chloride mass-balance method, the tracing method (bromide
and tritium) and the Hydrus-1D model method, as well as to compare the results to each other.
Additionally, we presented and discussed the relationship between groundwater recharge and land
use, the injecting depth of tracers, the depth of the water level, irrigation and rainfall.
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2. Site Description

The study area is arid and semi-arid, with a monsoon-dominated climate in the NCP. The mean
annual precipitation was 556 mm (1956–2003) [16], approximately 70%–80% between June and
September, while the mean temperature and evaporation rate were 15 ◦C and 1700 mm (1956–2000) [26],
respectively. Economic crops (e.g., winter wheat, summer corn and cotton) were planted in most of the
study area.

The NCP is comprised of three parts from west to east: the piedmont plain, the alluvial plain
and the lacustrine plain. The groundwater flows from west to east. In the piedmont plain, the aquifer
is unconfined, while unconfined (shallow layer) and confined (deep layer) in alluvial and lacustrine
plains. The depth of groundwater was 50–70 m in the piedmont plain, 35–45 m and 3–10 m in the
alluvial and lacustrine plains, respectively. From west to east, the lithology of the aquifer is mainly
gravel in the piedmont plain, then the coarse sand-gravel in the alluvial plain and fine, medium and
coarse sand in the lacustrine plain.

In this study, three representative sites (i.e., the Zhengding (ZD), Luancheng (LC), and Hengshui
(HS) sites) were chosen to investigate the groundwater recharge (Figure 1). The ZD and LC sites
represent the alluvial plain, and the hydraulic conductivities of the ZD and LC sites were 7.9–274.8
and 100–140 m/d, respectively, while the HS site represents the lacustrine plain, with hydraulic
conductivity of 85–28.5 m/d.

Irrigation and precipitation were the main sources of recharge through the variable saturated zone.
Features of the groundwater level, the texture of the unsaturated zone and land use were different at
these sites, shown in Table 1. Additionally, the first aquifer of the HS was salt water with a salinity
of 8.9 g/L.
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Figure 1. Representative sites of the North China Plain (NCP) in this study: Zhengding (ZD),
Luancheng (LC) and Hengshui (HS).

Table 1. General features of the ZD, LC and HS sites.

Site Lithology Groundwater Depth
(m)

Precipitation
(mm/Year)

Irrigation
(mm/Year)

Evaporation
(mm/Year)

ZD Clay, silt, sand 45.0 471.8 0 1655
LC Clay, silt, sand 36.5 439.5 300 1528
HS Clay 9.0 442.6 300 1148
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3. Materials and Methods

3.1. Chloride Mass-Balance Method

The chloride mass-balance method has been used widely in the world since the 1970s, considered
as an effectual and applied method to estimate groundwater recharge [9]. The groundwater recharge
was estimated by the mass-balance of chloride. The total chloride deposition (wet and dry) on the
surface of soil is equal to the total chloride of soil water or groundwater carried by the groundwater
recharge, assuming the chloride is a conservative ion without absorption and exchange with soil
and without uptake by plants. The main input sources of chloride on the surface are precipitation,
aerosols and irrigation. Then, the groundwater recharge was obtained by Equation (1), according to
the principle of mass conservation [11]:

Peff ×
(
Clp + Cls

)
= R×Clsw (1)

where Peff is effective precipitation (L/T), i.e., the total precipitation deducts the amount of runoff;
Clp and Cls are the chloride concentrations of wet (precipitation) and dry deposition, respectively
(M/L3/T); R is the groundwater recharge (L/T); Clsw is the chloride concentration of soil water below
the root zone (M/L3), assuming that the chloride concentration remains constant when the soil water
moves below the root zone, while varying in the root zone, attributedto evapotranspiration. If the
above assumptions are met, then it could be stated that a higher chloride concentration represents
lower groundwater recharge. Commonly, the lateral and vertical recharges are both input sources of
groundwater, so the chloride concentration of groundwater described in previous literature should be
replaced by the chloride concentration of soil water (Clsw) in Equation (1).

The mean resident time of soil water can also be calculated according to the profile of chloride
concentration. The time represented by chloride concentration at depth z was evaluated by dividing
the total mass of soil water chloride from the surface to the certain depth d by the annual chloride flux
at the soil surface [13]:

t =

∫ d
0 Clsw × θdz

Peff ×
(
Clp + Cls

) (2)

3.2. Applied Tracers Method

Main applied tracers include bromide, tritium and fluorescent dyes [27]. Considering dyes
could be absorbed by soil, conservative tracers, i.e., bromide and tritium, were used to estimate the
groundwater recharge in this study. The groundwater recharge is estimated by the following equation,
named as the peak method:

R = v× θ =
∆Z
∆t
× θ (3)

where R is the recharge rate (L/T); v is the vertical percolating velocity of soil water (L/T); ∆Z is
the depth of tracer peak (L); ∆t is the time between tracer application and sampling (T); and θ is the
average soil volumetric water content within the depth interval ∆Z during ∆t.

In the field, the soil is highly heterogeneous with different pore sizes, especially macropores,
where hydraulic conductivity decreases exponentially as soil water content reduces. In other words,
the bigger pores will be full of water when soil water content increases, resulting in water transport
rapidly along preferential paths and larger groundwater recharge. This was characterized by the
dual-porosity model, the dual-permeability model and the multi-porosity and multi-permeability
model in previous studies [28–30]. Assuming that bromide and tritium could transport ideally in soil
without adsorption, the tracers and soil water have the same flow zone. Therefore, tracer concentration
distribution in the soil profile is governed by the multi-porosity (multi-region) flow, a greater depth
indicating that tracers moved faster.
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Moreover, the accuracy of the peak method described in the literature was affected by the interval
of sampling, i.e., different sampling intervals may result in different recharge. Additionally, the same
recharge would be calculated according to the same depth of concentration peak. However, different
shapes of the concentration distribution of tracers indicate different recharge in the soil profile with
the same depth of concentration peak (Figure 2). The gravity center of the polygon consisting of
the concentration profile and depth axis shows larger groundwater recharge with the lower position
compared to the surface of the soil. When tracers are applied in the arid zones with the recharge of
less than 20 mm/year, the liquid tracers may lead to large error, commonly 5–10 mm/year. Therefore,
the solid tracers (e.g., solid NaBr) may be more suitable in this area, e.g., the HS site. Additionally, the
depth of the tracer’s peak in these arid areas may be less than 0.05 m, which is difficult to catch in
the field. If the sampling at the interval is more than 0.05 or 0.1 m, recharge is 0 mm/year estimated
by Equation (3), which is not the fact in this area. Therefore, the method needs to improve by the
multi-porosity (multi-region) transport model.

The whole flow zone is divided into multi-regions according to pore sizes and the number of
regions (n) in this study. Each region has a similar pore size with a similar velocity of soil water.
Assuming a smaller number of a region has a higher penetrability, the penetrability of Zone 1 is the
largest with the biggest pores, and then the Zone 2 is the second largest with the second biggest pores,
and so on; the last zone n owns the smallest pores and the lowest penetrability. The number of regions
is decided by the interval distance of the sampling in the profile. The soil profile was also divided
into N regions, and a bigger number has a smaller depth relative to the surface of the soil (Figure 3).
The recharge could be calculated by Equations (4)–(6) based on the following assumptions:

(1) The travel time of soil water for the whole region is very short, and the total soil water of all
sub-regions flows through the tracing face simultaneously.

(2) The total recharge is the summation of each zone, and the area percentage of each zone is equal
to the recharge percentage of each zone.

(3) In the profile, the groundwater recharge of each region could be estimated according to
Equation (3) multiplying a ratio parameter. The parameter is the tracer’s mass percentage
of each interval depth in the soil profile. The tracer mass is calculated by each interval depth
multiplied by the mean tracer concentration of the interval depth.

(4) The soil water of Zone 1 on the tracing face with the largest flow velocity reaches at Zone 1 of the
soil profile with the biggest depth in the soil profile, Zone 2 of the tracing face for Zone 2 of the
soil profile, and so on.

On the tracing face: R =
N

∑
i=1

Ri =
N

∑
i=1

Si
S

R (4)

In the profile: R =
N

∑
i=1

αi × θi ×
∆Zi
∆t

(5)

αi =
∆zi × ci

N
∑

i=1
∆zi × ci

(6)

where R is the total recharge (L/T); N is the number of pore zones or the region of the soil profile; Si

and S are areas of the pore i zone and total zone (L2), respectively; αi is the tracer’s mass percentage of
region i of the soil profile; ∆Zi and ∆zi are the transport distant of pore zone i and interval distant of
the pore zone i (L), respectively; ci is the mean tracer concentration of the region i of the soil profile
(M/L3) and θi is the mean water content in depth ∆Zi.

Additionally, when the recharge rate is especially low, less than 10 mm/year, it is difficult to
investigate the depth of the peak, which is less than 0.05 m with mean water content of 20% based on
Equation (3). In this case, we could apply solid tracers, such as NaBr or NaI, the amount of which is
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enough to be dissolved by soil water across the injecting plane, and then, the recharge rate could be
calculated by the mass-balance principle and the solubility of tracers as follows:

R =
Ms

St
(7)

where R is the groundwater recharge rate (L/T), Ms is the total amount of the tracer unit area under
the injecting plane (M/L2) and St is the solubility of the tracer at the mean temperature in the depth of
the injecting plane (M/L3).
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3.3. Hydrus-1D Modeling Method

The Hydrus-1D program numerically solves the Richards equation with the finite element method
for variable saturated water flow in the soil. The governing equation used in this study is a modified
Richard equation, assuming a neglected air phase and thermal gradient as follows [31]:

∂θ

∂t
=

∂

∂x

[
K
(

∂h
∂x

+ 1
)]
− S (8)

where θ is the volumetric water content (L3/L3); h is the water pressure head (L); t is the time (T); z is
the vertical coordinate (L) (positive upward); K is the unsaturated hydraulic conductivity (L/T); and S
is the sink term (L3/L3/T).

At the field scale, the soil surface commonly considered as the upper boundary of the model is
so complex that data are uncertain, such as evapotranspiration calculated by the Penman–Monteith
equation using meteorological data, soil evaporation and plant transpiration rate. It is difficult to
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measure these parameters exactly in the long term. Moreover, the input time of the precipitation
and irrigation on the soil surface is not really one day or the time unit in Hydrus-1D, resulting in the
inaccuracy of the input on the surface. Therefore, considering the complexity and uncertainty of the
surface condition, we chose the upper boundary under the depth of the root zone (without the sink
term, S is zero). Only the pressure potential and water content were needed to measure in the whole
time instead of collecting so much data on the surface. However, long-term data might be needed for
a steady upper boundary. Additionally, soil water flows downward all of the time over a depth of
2.2 m [32], and the depth of the water table is deep enough (the mean value is 36.5 m for the LC site).
Therefore, a free drainage condition for the lower boundary was selected for the model. Boundary and
initial conditions could be specified as follows:

Initial condition: h (z, t) = hi (z) or θ (z, t) = θi (z) t = 0 (9)

Boundary condition: h (z, t) = hi (t) z = 1.4 m (10)

∂h (z, t)
∂x

= 0 z = 3.4 m (11)

The soil hydraulic properties in this study were described by the following expressions [33]:

θ (h) =

{
θr +

θs−θr

[1+|∂h|n]
m h < 0

θs h ≥ 0
(12)

K (h) = KsSl
e

[
1− (1− S1/m

e )
m]2

(13)

where θr and θs are the residual and saturated water contents (L3/L3), respectively; Ks is the saturated
hydraulic conductivity (L/T); l is a pore-connectivity parameter (-); α (L−1), m and n (m = 1 − 1/n)
are empirical parameters. Additionally, the air-entry value of −0.2 m was specified. The single layer of
silty clay was considered from 1.4 m to 3.4 m in this model.

Model parameters were optimized by the inverse method typically based on the minimization
of a suitable objective function, using the effective Levenberg–Marquardt nonlinear minimization
method [31]. Five parameters needed to be optimized, which might lead to the uniqueness of the results.
The saturated water content and saturated hydraulic conductivity have clear physical significance and
can be determined directly [29], and θr and l are typically least sensitive to the calibration data [34,35].
The pore-connectivity parameter was estimated to be 0.5 as an average value for many soils [36],
and the θr and θs were advised to be 0.099 and 0.365, respectively [24]. Therefore, the α, n and Ks

parameters were chosen to be optimized by the inverse method in this model.

3.4. Experiment Procedure and Data Acquisition

The experiment was designed to estimate the groundwater recharge of representative areas in
the NCP according to different land uses, water levels and depths in 17 sites of ZD, LC and HS.
The numbers of the sites were 1, 8 and 8, respectively, shown in Table 2.

It is suitable for the ZD site to estimate groundwater recharge using the chloride mass-balance
method, because there have been no human activities for 50 years in the ZD site. Forty-five samples of
soil water content and chloride concentration were collected in a soil profile with a depth of 31.5 m
in December 2009, and the interval of sampling is 0.5 m. Soil water was sampled by cutting rings
(∅7.0 × 5.2 cm), then dried at 105 ◦C for 24 h until the weight of the soil samples did not vary. The soil
samples for chloride analysis were air-dried for 10 days, triturated and filtered by a 1-mm sieve. Then,
a 50-g sample was added into 250 mL of deionized water and shaken for 2 h, then centrifuged at
5000 r/min for 5 min. The supernate for chloride analysis was measured by the titration method.
Additionally, the source of the chloride, including the dry and wet deposit, was monitored by collection
equipment beginning in April 2011, which was a stainless steel collector (∅20 × 40 cm) of 1.5 m height
in the ZD site.
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Table 2. Estimation methods of representative areas in NCP.

Number Lithology Land Use Method Time Irrigation

ZD01 clay, silt and sand no human activities chloride mass-balance 105 years ago–10 October 2009 no

LC01 clay, silt
wheat, corn with straw mulch Br− and 3H[16], modeling 5 March 2003–23 September 2005

floodwheat and corn modeling 24 September 2005–27 September 2007
wheat, corn with straw mulch Br−, 3H 14 December 2009–16 April 2011

LC02 clay, silt wheat and corn Br−, 3H 14 December 2009–16 April 2011 flood

LC03 clay, silt wheat and corn Br−, 3H 14 December 2009–16 April 2011 flood

LC04 clay, silt wheat and corn Br−, 3H 14 December 2009–16 April 2011 flood

LC05 clay, silt no human activities Br− 14 December 2009–16 April 2011 no

LC06 clay, silt no human activities Br− 14 December 2009–16 April 2011 no

LC07 clay, silt no human activities Br− 14 December 2009–16 April 2011 no

LC08 clay, silt grass Br−, 3H 14 December 2009–16 April 2011 no

HS01 clay wheat and corn Br−, 3H 20 December 2009–20 April 2011 furrow

HS02 clay wheat, corn with straw mulch Br−, 3H 20 December 2009–20 April 2011 flood

HS03 clay no human activities Br− 20 December 2009–20 April 2011 no

HS04 clay no human activities Br− 20 December 2009–20 April 2011 no

HS05 clay no human activities Br− 20 December 2009–20 April 2011 no

HS06 clay no human activities Br− 20 December 2009–20 April 2011 no

HS07 clay no human activities Br− 20 December 2009–20 April 2011 no

HS08 clay wheat and corn Br− 20 December 2009–20 April 2011 sprinkling
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Some sites were chosen to estimate groundwater recharge under different land uses, for example
wheat and corn, wheat and corn with straw mulch, grass without irrigation, no human activities and
different types of irrigation (e.g., furrow irrigation, flood irrigation and sprinkling irrigation) in the LC
and HS sites. Firstly, the LC01 site, where the winter wheat and summer corn were planted during the
experiment, was set up to monitor the soil water movement (3.4 m) by the neutron probe (IH-II probe,
Didcot Instrument Co., Cambridge, UK) and the MW-1 tensiometer system designed by the Institute
of Hydrogeology and Environment Engineer, CAGS (Chinese Academy of Geological Sciences), from
5 April 2003 to 27 September 2007. From the soil surface to a depth of 3.4 m, 20 monitored sites were
designed to measure soil water content and potential simultaneously. The interval of depth for the
monitored sites was 0.1 m in the first 1.0 m and 0.2 m for more than a 1.0-m depth. After rainfall or
irrigation, we collected the data at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 and 6.0 h, then twice in the following
two days, once in the next 3 days and 3 days a time until it rained or it was irrigated again. Straw
mulch, which was made of summer corn with a length of 0.2–0.5 m and a density of 0.6 kg/m2, was
covered on the soil surface from 4 December 2003 to 19 October 2005. Bromide and tritium tracer tests
were conducted from 11 March 2003 to 23 September 2005 (at 1.0 m depth) and 14 December 2009 to
16 April 2011 (at a 2.0 m depth), respectively. The concentrations of tritium were 1 billion and 2 million
Tritium Units for the two periods, respectively. The amounts of bromide and tritium were 200 g and
30 mL, respectively, for each monitoring point, if they were applied. The other experiment sites, such
as LC02 (Br− and 3H) with wheat and crop, LC05 (Br−) without human activities, LC08 (Br− and 3H)
with grass and no irrigation, HS01 (Br− and 3H) with furrow irrigation, HS02 (Br− and 3H) with straw
mulch and flood irrigation, HS03 (Br− and 3H) without human activities for 30 years and HS08 (Br−)
with sprinkling irrigation, were conducted simultaneously and shown in Table 2.

Tracing tests at different depths were conducted in the LC and HS sites. In the LC02, LC03 and
LC04 sites, where wheat and corn were planted, bromide and tritium tracers were injected at 2.0 m,
3.0 m and 4.0 m depths, respectively. Additionally, in the LC05, LC06 and LC07 sites without human
activities, only the bromide tracer was injected at 2.0 m, 3.0 m and 4.0 m depths, respectively. In the
HS03, HS04, HS05, HS06 and HS07 sites without human activities, the bromide tracer was applied at
2.0 m, 2.5 m, 3.0 m, 3.5 m and 4.0-m depths, respectively.

The soil sampling depth intervals were 0.1 m from 0.0 m to 0.8 m (relatively the depth of
injected tracers), then 0.2 m below a 0.8 m depth for the measurement of soil water content and
the concentrations of bromide and tritium. Each sample of 100 g for soil water was collected in
an aluminum box, measured by the dried method. Each tritium sample of 200 g was packed by
preservative film and stored immediately in an icebox to prevent the water from evaporating, then
the soil water was extracted by special equipment (designed by China University of Geosciences,
Wuhan, China) and measured by a liquid scintillation analyzer in Wuhan. Lastly, bromide samples
were pre-processed as the chloride, measured by an ion electrode method (Model: PBr-1, 217, made by
Shanghai Precision & Scientific Instrument Co., Ltd., Shangai, China).

4. Results and Discussion

4.1. Chloride Profile

The chloride deposition rate controlled by the climatic conditions [36] was constant in the ZD
site far away from the ocean. In the ZD site, human effects and additional contributions of Cl− were
not existent, and then, variable evaporation resulted in several peaks in the soil profile (Figure 4). The
oscillations of chloride indicated that the groundwater recharge was not constant in the long term
(Figure 5). The mean chloride concentration was 574.1 mg/L, ranging from 1508.3 mg/L (at 12.7 m) to
67.0 mg/L (at 28.5 m). The mean annual chloride deposition including wet and dry was 22.1 g/m2/year,
much more than the mean chloride of rainfall 3.63 g/m2/year [37], showing that the dry deposition
was vital, especially in this area with a high value of bug dust. According to Equation (1), the
groundwater recharge was only 0.7% and annual precipitation of 533.34 mm/year with the mean



Water 2016, 8, 353 10 of 19

value of 3.84 mm/year, which resulted from the interbed structure of the soil profile with clay and
medium coarse sand. The surface of the soil has been covered by the air-dried artificial and densified
soil of a 1.1 m depth, where it was difficult for rainfall to infiltrate.
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4.2. Applied Tracers Profile

Applying tracers on the soil surface or in the rooting zone, where preferential flow dominated
mainly, soil water flow fluctuated up and down above the maximal depth of evaporation, might lead
to uncertain results of recharge estimation. It was noted that we could inject tracers into the depth
between the rooting zone and the maximal depth of evaporation, but the period of the tracer test
must be a whole year or integer years, otherwise the value obtained by Equation (3) was not the real
groundwater recharge. Therefore, bromide and tritium tracers were applied in the LC and HS sites at
a depth of 2.0 m in the soil, above where the percentages of plant roots were 99% and 100% for winter
wheat and summer corn, respectively [38,39]. Additionally, the soil water moved downwards, always
over the depth of 2.0 m in the LC site [32].

The results of the applied tracers showed that the annual groundwater recharges ranged from
64.0 to 167.5 mm/year and 16.1 to 20.1 mm/year, and the mean values were 124.3 and 18.0 mm/year,
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in the LC and HS site, respectively, shown in Table 3 and Figure 6. The results of recharge by the peak
method were lower than the multi-region method and mass balance, which was attributed to that
multi-region method considering soil heterogeneity and preferential flow rather than uniform flow or
piston flow, which matched better the fact in the field. In the HS site, the recharge rates of the peak
method were all zero, which was unsuitable. The mass-balance method was a reliable method only
suitable for no peak of the tracer, alternatively, without considering the complicated soil structure,
which matched well with the result of the multi-region method. Therefore, this study was advised to
estimate groundwater recharge by the multi-regions and mass balance method. Results of bromide
and tritium were the same by the peak method to estimate recharge, while there were different results
by the multi-region model. The main reason might be that the transfer behavior of bromide rather than
tritium in soil was effected by the soil charge, i.e., when the total charge is positive with more cations,
the soil would absorb anions [40,41], e.g., bromide ions, resulting in a smaller recharge rate, such as in
the LC01, LC02 and LC08. Additionally, when the total charge is negative with more anions, the effect
of ion exclusion would happen [16,42], resulting in a larger recharge rate, such as in LC03, LC04, HS01,
HS02 and HS03. However, the differences of the annual groundwater recharge between the results
of the bromide and tritium by the multi-region method were 14.3% and 2.9% in the LC and HS sites,
respectively, which could be explained by the higher recharge rate for the LC site of 124.3 mm/year,
leading to a larger difference of transfer for two tracers.

Table 3. Results of groundwater recharge by applied tracer methods, mm/year.

Number Tracer
Recharge

Injecting Depth (m)
Multi-Region Peak Mass Balance Mean *

LC01
Bromide 149.5 160.8 - 149.5

2.0Tritium 167.5 160.8 - 167.5

LC02
Bromide 154.2 141.0 - 154.2

2.0Tritium 159.4 141.0 - 159.4

LC03
Bromide 142.6 110.4 - 142.6

3.0Tritium 127.8 110.4 - 127.8

LC04
Bromide 147.8 135.0 - 147.8

4.0Tritium 129.9 135.0 - 129.9

LC05 Bromide 96.0 68.5 - 96.0 2.0

LC06 Bromide 76.6 54.8 - 76.6 3.0

LC07 Bromide 64.0 0.0 - 64.0 4.0

LC08
Bromide 83.6 62.7 - 83.6 2.0
Tritium 116.8 62.7 - 116.8 2.0

HS01
Bromide 18.3 0.0 17.8 18.05

2.0Tritium 17.6 0.0 - 17.6

HS02
Bromide 17.5 0.0 17.3 17.4

2.0Tritium 17.2 0.0 - 17.2

HS03
Bromide 16.6 0.0 16.3 16.45

2.0Tritium 16.1 0.0 - 16.1

HS04 Bromide 20.5 0.0 19.7 20.1 2.5

HS05 Bromide 18.9 0.0 18.7 18.8 3.0

HS06 Bromide 18.5 0.0 18.1 18.3 3.5

HS07 Bromide 19.9 0.0 19.5 19.7 4.0
HS08 Bromide 19.2 0.0 17.4 18.3 2.0

Note: * The mean values were calculated without the results of the peak method.
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Although compared to the peak method, the method of multi-regions showed some advantages
in estimating groundwater recharge by the applied tracers, this method was firstly applied to estimate
groundwater recharge. Therefore, these results of the multi-region method should be checked by other
standard methods (e.g., a larger scale lysimeter) for recharge estimation in future studies. Additionally,
the results were also influenced by the sampling interval, i.e., more reasonable results for a smaller
sampling interval.

4.3. Hydrus-1D

Considering the complexity and uncertainty of data on the surface of soil, the depth of 1.4 m was
chosen as the upper boundary of the Hydrus-1D model instead of the soil surface, where the plant
roots almost did not exist, illustrating that the sink term of the roots could be ignored, and soil water
flow was more stable than the soil surface. Moreover, the irrigation and rainfall data were input in
days if the soil surface was chosen as the upper boundary of the model. However, the continuing time
of irrigation and rainfall was not always in days exactly in the field.

The sensitivities of the soil water content, soil potential and recharge to α, n and Ks were high,
while low sensitivities to the parameters θr, θs and l, and the higher sensitivity showed a higher chance
to identify the parameters for the inverse method [2,35]. The optimization algorithm was effective
when the number of parameters needed to be identified was less than four [43,44]. Therefore, the
parameters α, n and Ks were chosen to optimize by the inverse code of Hydrus-1D, and the parameters
θr, θs and l were fixed with the values of 0.09, 0.365 and 0.5, respectively. The initial values of α, n
and Ks were assigned to 0.0151, 1.5 and 1.6, respectively. Ten observation nodes were designed at
a depth of 1.4 m–3.4 m from April 2003 to October 2007, where the data of soil water content and
potential were measured and were used in the inverse model. According to the results of inverse
modeling, shown in Table 4, the values of α, n and Ks were 0.1029, 1.279 and 36.61, respectively, with
the correlation coefficient r2 of 0.8035. The results also showed that the modeled soil water content did
not match well for a short time ranging from April 2003 to August 2003, suggesting that a long-term
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experiment could provide more information for the parameter optimization [45]. A close fit had been
shown between measured and simulated soil water content at different depths in the soil profile in
Figure 7. However, the modeled curves did not match the peaks of the measured cures, and the peaks
appeared almost during rainy seasons; the main reason might be that preferential flow would happen
when the amount of rainfall (including irrigation) was large [46], and the preferential flow was not
considered in this model.

Table 4. Result of the hydraulic parameter estimation by the inverse method.

Parameter θr (cm3/cm3) θs (cm3/cm3) α (cm−1) n (-) Ks (cm/d) L (cm/cm)

Initial estimate 0.09 0.365 0.0151 1.5 1.6 0.5
Minimum value - - 0.01 1.1 0.2 -
Maximum value - - 1 3.0 60.0 -
Optimized value 0.09 0.365 0.1029 1.279 36.61 0.5
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Figure 8 shows that the precipitation, irrigation, evapotranspiration and flow flux at the bottom
boundary (3.4 m) changed daily. The flow flux of the bottom was always a positive value, which
suggested that the soil water at 3.4 m flowed downward to the groundwater during the whole
experiment, i.e., the flux at 3.4 m was considered as groundwater recharge.
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In general, in dry periods (October–April of the next year), the groundwater recharge was smaller,
and kept stable, while groundwater recharge increased quickly when rainfall or irrigation happened
on the soil surface, then reduced gradually after rainfall seasons. It is worth noting that it would
cost some days (called the retardation time) for rainfall or irrigation arriving at the depth of 3.4 m.
However, the retardation time of 2003 was 20–60 days, less than the average value of 130 days for
2004–2007, resulting from the total amount of rainfall of 2003 (581 mm) being greater than other years
(535, 413, 469 and 426 mm for 2004, 2005, 2006 and 2007, respectively). In addition, according to the
results of the tracing test in the LC site in 2004 [16], the peaks of tracers varied from 0.5 to 0.7 m, and
the influence ranges were about 2.0–2.5 m, illustrating that there was a retardation of 250–365 days for
most of the soil water moving to the depth of 3.4 m from the upper boundary.

The mean of recharge rate in the LC site was 225 mm/year, shown in Table 5, and the mean
groundwater recharge was 230 mm/year during 2003 and 2004, which matched well the result of
the tracer test with 215 mm/year [16]. The recharge rates were influenced by the sum of rainfall and
irrigation, land use, water table, soil texture and structure.

Table 5. Recharge rate of LC site from 2003 to 2007 at the LC site.

Time 2003 2004 2005 2006 2007

Recharge rate (mm/year) 340 230 230 106 90
Recharge coefficient (%) 42.3 27.3 26.6 15.3 13.4

In conclusion, the results of the model were reasonable, and the model method would be suggested
to evaluate the recharge if the soil water content or soil matric potential, irrigation and meteorological
condition could be monitored in the long term.

4.4. Land Use and Irrigation Types

Four types of land use (e.g., winter wheat and summer corn, winter wheat and summer corn
with straw mulch, grass without irrigation and no human activities) were studied in the LC site from
December 2009 to April 2011, shown in Figure 6A. The highest recharge of 158.5 mm/year was in the
LC01 site covered by straw mulch. The next highest recharge was 156.8 mm/year in the LC02 site
planted with winter wheat and summer corn, which indicated that straw mulch could slightly improve
recharge, which is consistent with the previous study [32]. Recharge of 96.0 mm/year in the LC05 site
without human activities was lower than in the LC08 site covered by grass without irrigation. One
reason might be that grass could hold more rain in the soil and much more rain runoff from the soil
surface in the LC05 site during heavy rain. The results showed that human activities could increase
groundwater recharge by 59.6% in the LC site.

In the HS site, the sequence of groundwater recharge values from high to low was the HS08 site
(wheat and corn sprinkling irrigation), HS01 (wheat and corn furrow irrigation), HS02 (wheat and
corn flood irrigation) and HS03 (no irrigation and no plants), shown in Figure 6D,E. More than 30 mm
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of irrigation during the experiment might make the highest recharge in the HS08 site. However, the
differences between sites with various land-use were smaller than in the LC site, intimating that the
structure of the soil with low permeability played a controlling role in the movement of soil water,
rather than the human activities as irrigation (including flood and sprinkling irrigation) and land
utilization in the HS site.

4.5. Different Depth

Tracing experiments were designed to study the velocity of water flow at different depths of the
soil profile, which could answer directly how soil water transferred in the whole soil profile during
the same period and how much water moved down to groundwater under the maximum depth of
evaporation. The result of this study showed that the recharge rate decreased with the larger depth in
the no human activity sites (LC05, LC06 and LC07) (Figure 6C); however, the relationship of recharge
rate and depth was not clear in the human activity sites, which accounted for irrigation and plants.
However, the results in the HS site were different, indicating that recharge might be controlled by the
low permeability layer of clay.

4.6. Precipitation and Irrigation

Precipitation and irrigation were the main sources of groundwater recharge, influencing the
groundwater recharge. In the LC site, a positive relation between the annual recharge and the sum of
precipitation and irrigation was good (Equation (14)) and matched the previous literature [16], except
for the recharge of 2003.

R = 1.289 (P + I) + 557.02, r2 = 0.99 (14)

where R is the annual groundwater recharge (L); P and I is the annual precipitation and irrigation (L),
respectively; r2 is the correlation coefficient. The main reason why the groundwater recharge (larger
than 2004–2007) did not agree with the Equation (14) was the several heavy rainfalls and irrigations
during 2003, i.e., the sums of rainfall and irrigation from 13 May 2003 to 14 May 2003, from 25 July 2003
to 1 August 2003, from 10 October 2003 to 12 October 2003 were 105.8 mm, 194.0 mm and 84.1 mm,
respectively. In the field, irrigation was decided by the soil water content for plants. Generally, higher
soil water needs less or no irrigation in the rooting zone, which makes soil water move faster, resulting
in a higher recharge rate in different periods of the same site (LC). However, in those special cases,
the sum of irrigation and rainfall was much higher than the amount of soil water taken up by plant
roots, resulting in that most of the rainfall infiltrated into the groundwater aquifer. Therefore, the
annual groundwater recharge of 2003 was 110 mm more than 2004 and 2005, although the sum of
irrigation and rainfall of 2003 was 40 and 60 mm less than 2004 and 2005, respectively. The mean annual
coefficients of groundwater recharge defined by the ratio of annual recharge to total precipitation
(including irrigation) at the ZD, LC and HS sites were 0.82%, 15.4% and 4.07%, respectively, according
to the results of the tracer and chloride methods.

4.7. Temporal and Spatial Changes of Recharge

In the temporal scale, groundwater recharge was controlled by precipitation, irrigation,
evapotranspiration, soil hydraulic properties and the water table. In the ZD site, a long-term serial
recharge rates could be calculated by Equation (1), according to the data of chloride concentration
in the whole soil profile of a 31.6-m depth, with the annual recharge of 3.84 mm/year. The resident
time of soil water at the depth of 31.6 m was about 105 years, according to Equation (2). The recharge
varying with time is presented in Figure 5, showing that there were several recharge rates more than
12.0 mm/year, i.e., 15.2, 14.7, 12.2, 12.4 and 12.6 mm/year in 32, 75.1, 83–88, 97.3 and 105 years ago,
respectively. However, in most of the years, the recharges were low and ranged from 1 to 4 mm/year.

In the LC site, according to the results of modeling, the temporal characteristic of groundwater
recharge was shown in Figure 8. Generally, recharge increased gradually from April to September, then
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decreased rapidly from September–March of the next year, and the maximum and minimum values
always appeared in rainy periods (from July to August) and dry periods (from January to March),
respectively [32].

The spatial characteristics of groundwater recharge were analyzed with the data of the no
human activity sites, i.e., ZD01, LC05, LC08 and HS03. In the spatial scale, a linear relation between
groundwater recharge and the sum of precipitation and irrigation with a low correlation coefficient of
0.67 is shown in Equation (15), as follows:

R = 2.031 (P + I) + 441.81, r2 = 0.67 (15)

where R is groundwater recharge (L/T); P and I are precipitation and irrigation (L/T), respectively; r2

is the correlation coefficient. In other words, the recharge was larger in the piedmont plain (LC site)
than the lacustrine plain (HS site), agreeing with the previous study [16,24]. The recharge (ZD site)
was lowest, resulting from the air-dried artificial and densified soil of 1.1 m covering the soil surface.
Soil hydraulic properties were intrinsic parameters influencing the recharge rate in the field area, while
precipitation (including irrigation) played an important external factor. Although the LC05 and ZD
sites have similar characteristics, i.e., without human activities, soil lithology (0–3.4 m silt clay), annual
precipitation (471.2 and 439.5 mm for the ZD and LC sites, respectively) and water level (40.0 and
36.5 m for the ZD and LC sites, respectively), the mean recharge rates of the ZD and LC sites were
different, with 3.84 and 96.0 mm/year, respectively. This was explained by the soil water content in
the ZD site (13.7%) being lower 11.2% than the LC site, and the soil structure of the ZD site inhibited
the infiltration of precipitation from the soil surface.

Although the groundwater depth in the HS site was only 9.0 m, rather smaller than the LC and
ZD sites (36.5 and 45.0 m, respectively), the recharge was only 17.1 mm/year. Additionally, the LC and
HS sites had similar conditions of rainfall and plants.

Thus, the lithology of the sites can largely affect the recharge rate in the ZD, LC and HS sites.

5. Conclusions

In this study, chloride mass-balance, tracers (bromide and tritium) and the Hydrus-1D modeling
methods were used together to estimate the groundwater recharge of the ZD, LC and HS sites in the
CNP, and each method was suitable for a certain condition. For the applied tracer, the multi-region
and mass balance methods were firstly introduced to estimate groundwater recharge in this study.

The result of the chloride mass-balance method showed that the mean recharge rate was
3.84 mm/year, while the mean annual groundwater recharges of the LC and HS sites estimated
by the multi-region and mass balance methods of the applied tracer were 124.3 and 18.0 mm/year,
respectively. Groundwater recharges calculated by the multi-region method were more reasonable
results than the peak method, especially for no peak appearing in the tracer’s concentration profile.
Furthermore, the peak method could not be suitable for areas with less than 20 mm/year of recharge,
as no peak appeared or the depth of the peak was so small that it is difficult to identify at the interval
of more than 0.1 m in the field at present. Additionally, the mass balance method matching with the
multi-method was an alternative method to estimate groundwater recharge in the field.

The result of modeling matched well the measured values of soil water content and the result of
the applied tracer, which showed that choosing the depth of 1.4 m where most plant roots could not
reach as the upper boundary of Hydrus-1D could solve effectively the complexity condition on the
soil surface.

Human activities, such as straw mulch and irrigation types, improved groundwater recharge,
and the recharge rate increased with a larger depth in the LC site generally, but different in the HS site.
The positive linear relation of recharge and the sum of irrigation and rainfall was shown in the spatial
scale in the ZD, LC and HS sites and in the temporal scale in the LC site.
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In future studies, some questions need to be solved for understanding the mechanism of soil water
transfer and the variation of recharge: firstly, how to attain the exact soil structure and to evaluate the
role of soil structure on the recharge. The characteristic of soil pores, especially for preferential paths,
could control mainly the groundwater recharge. Secondly, it is necessary to improve the methods of
estimating groundwater recharge. Multiple methods may provide reasonable values. Some applied
tracers, e.g., fluorescent, could be also considered to estimate groundwater recharge. The applicable
conditions for each estimated method are different; therefore, how to choose appropriate methods to
evaluate recharge is vital. Thirdly, the results of the multi-region and mass balance methods should
be checked by other standard methods (e.g., larger scale lysimeter) for recharge estimation in future
studies, and a smaller sampling interval should be designed to improve the precision of the results.
Additionally, long-term data should be monitored for model optimization.
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34. Inoue, M.; Šimůnek, J.; Hopmans, J.W.; Clausnitzer, V. In situ estimation of soil hydraulic functions using a
multistep soil-water extraction technique. Water Resour. 1998, 34, 1035–1050. [CrossRef]
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