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Abstract
Reclaimed water (RW) has been widely used as an alternative water resource to recharge rivers in mega-
city Beijing. At the same time, the RW also recharges the ambient aquifers through riverbank �ltration,
and modi�es the subsurface hydrodynamic system and hydrochemical characteristics. To assess the
impact of RW recharge on the uncon�ned groundwater system, we conducted a 3D groundwater �ow and
solute transport model based on 10 years of sequenced groundwater monitoring data to analyze the
changes of the groundwater table, Cl- loads, and NO3-N loads in the shallow aquifer after RW recharge to
the river channel. The results show that the groundwater table around the river channel elevated by about
3~4 m quickly after RW recharge from Dec. 2007 to Dec. 2009, and then remained stable due to the
continuous RW in�ltration. However, the uncon�ned groundwater storage still declined overall from 2007
to 2014 due to groundwater exploitation. The storage began to recover after groundwater extraction
reduction, rising from 3.76×108 m3 at the end of 2014 to 3.85×108 m3 at the end of 2017. Cl-

concentrations varied from 5~75 mg/L before RW recharge to 50~130 mg/L in two years (2007–2009),
and then remained stable. The zones of the uncon�ned groundwater quality-affected by RW in�ltration
increased from 11.7 km2 in 2008 to 26.7 km2 in 2017. Cl- loads of the uncon�ned groundwater increased
from 1.66×104 t in 2008 to 3.8×103 t in 2017, while NO3-N loads decreased from 29.8 t in 2008 to 11.9 t in
2017 annually in the zones. We determined the maximum area of the uncon�ned groundwater quality
affected by RW, and groundwater outside this area not affected by RW recharge keeps its original state.
The RW recharge to the river channel in the study area is bene�cial to increase the groundwater table and
uncon�ned groundwater storage with lesser environmental impacts.

1 Introduction
The increasing demands for water resources driven by a combination of population growth, socio-
economic development, rapid urbanization, and climate change have been led to water scarcity and
quality deterioration (USEPA and USAID, 2012; WWAP, 2019). Facing the ongoing enormous stresses and
challenges, reclaimed water (RW) treated from wastewater has been increasingly used as an alternative
water resource for different purposes (Asano, 2007; Ahuja, 2015; Deng et al., 2019). RW could be utilized
for agricultural irrigation, landscape irrigation, industrial reuse, municipal water, and groundwater
recharge (Angelakis and Gikas, 2014; De Gisi et al., 2017; Deng et al., 2019). RW helps increase the
reliability of sustainable water supply in many water-scarce areas of the world (Angelakis et al., 2018;
Hess and Collins, 2019; Kog, 2020; Tortajada and van Rensburg, 2020; Zhu and Dou, 2018).

In China, RW utilization was 2.17×109 in 2009, accounting for 0.36% of the total water supply amount
(Zhu and Dou, 2018). Then it was up to 8.74×109 m3 in 2019, accounting for 1.5% of the total water
supply amount (MWR, 2021). Beijing, as a mega-city with serious water shortages, being characterized by
drying some rivers with a degraded ecosystem, is the biggest RW user in China (Zhang et al., 2014; MWR,
2021). The amount of Beijing's RW utilization was 6×108 in 2008, accounting for 17% of the total water
supply amount, while it was up to 2×109 m3 in 2020, accounting for approximately 30% of the total water
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supply amount (Beijing Water Authority, 2020). Over 90% of the RW was primarily used for purposes of
recreation and ecological conservation (e.g. water supply for recharging rivers or lakes) (Beijing Water
Authority, 2019). But compared with other natural water types, RW usually contains higher levels of salts,
nitrogen, phosphorus, heavy metals, organic, and biological contaminants, which are controlled by the
water treatment technologies (Deng et al., 2019; Valhondo et al., 2020). As a result, groundwater may
have potential health risks and environmental impacts as RW seeps into the aquifer by river leakage
(Asano and Cotruvo, 2004; Bekele et al., 2018).

It has been demonstrated that some contaminants’ concentrations may decrease during the RW
in�ltration process (e.g., �ltration, adsorption, redox reaction, and degradation), such as nutrients (Singer
and Brown, 2018), total organic carbon (Bekele et al., 2011), heavy metals (Zhang et al., 2020), trace
organic compounds (Li et al., 2015; Ding et al., 2020), and pathogen (Page et al., 2010). RW recharge also
changes the interaction of surface water-groundwater and related hydraulic features (Guo et al., 2019;
Yuan et al., 2020). Hydrochemical components of groundwater could be modi�ed by the RW mixing with
native groundwater along the �ow path (Yu et al., 2016; Gilabert-Alarcón et al., 2018; Daesslé et al., 2020).
Additionally, the dissolved ions, including arsenic (Fakhreddine et al., 2021) and metals (Davranche and
Bollinger, 2000; Patterson et al., 2010) in sediments, can be released into groundwater during the
geochemical processes. It brings risks and challenges for water resources management.

The Shunyi reaches of the Chaobai River in Beijing have been dried since 2000, which RW has utilized for
recharging river since December 2007 to improve the aquatic ecological conservation of the dry river.
Many studies have been carried out on characterizing variations in physical and chemical parameters of
groundwater after RW recharge in the study area, with the most signi�cant changes in the uncon�ned
aquifer. The groundwater table increased by ~3 m after RW supply to the Chaobai River from 2007 to
2018 (He et al., 2021). Column experimental results indicated that cation exchange took place between K+

in the RW and Ca2+ in the riverbed medium during RW in�ltration (Liu et al., 2018). The hydrochemical
type of the uncon�ned groundwater has been obviously modi�ed from HCO3-Ca·Mg in 2007 to HCO3·Cl-
Na·Ca·Mg in 2018, the latter is similar to the RW type (HCO3·Cl-Na·Ca and HCO3·SO4·Cl-Na·Ca) (Li et al.,
2019; Jiang et al., 2020; He et al., 2021). It has been observed that salinities of the uncon�ned
groundwater increased, and the total hardness decreased (Liu et al., 2018). Nitrogen (including NO3-N,
NO2-N, and NH4-N) (Liu et al., 2018; Li et al., 2019) and some endocrine-disrupting chemicals (Li et al.,
2013a; Ma et al., 2015; Wang et al., 2019) was observed to be removed during the in�ltration process with
different removal rates in the column experiments and �eld monitoring. Nitrogen, especially nitrate, is the
typical contaminant in the RW, river, and uncon�ned groundwater in this area (Yang et al., 2016; Li et al.,
2019).

However, few studies have focused on quantifying the effects of RW recharge on the groundwater
system. Numerical modeling can be applied to predict groundwater �ow and solute transport and
evaluate the impacts of human activities (Machiwal et al., 2018; Sege et al., 2018).
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The objectives of this study are to (i) conduct a 3D groundwater �ow and solute (Cl−) transport model, (ii)
calculate the changes of uncon�ned groundwater storage, Cl− loads, and NO3-N loads, and (iii) identify
the area of groundwater quality affected by the RW recharge and illustrate the environmental impacts in
the study area. It can improve understanding of the effects of RW recharge to a river channel on the
groundwater system and provide a scienti�c reference for the safe use of RW and water resources
management in other similar regions globally.

2 Material And Methods

2.1 Study area
The study area is located in the northeast of Beijing, between longitudes 116°36′ to 116°46′ E and
latitudes 40°02′ to 40°12′ N (Fig. 1a). Elevation ranges between 22 m and 54 m.a.s.l (Aji et al., 2008). The
area is in the northern temperate region, with a typical continental monsoon climate. The annual average
temperature is ~11.5°C. The mean annual precipitation is about 610 mm, chie�y from June to September.
The average annual evaporation based on pan evaporation experiments is about 1108 mm.

The Jian River is an arti�cial channel with a natural river bottom and sloping brick sides. It is about 4 km
long, 50~90 m wide, and holds approximately 5.1⋅105 m3 of water. The Chaobai River in the study area is
a natural channel. It is about 15 km long, 200~400 m wide, and holds approximately 8.91⋅106 m3 of
water.

The Chaobai River channel was dry before 2007. Beijing Municipal Water Diversion Project was
implemented for restoring the dry river channel by Beijing Water Authority since 2007. The Wenyu River
water was pumped and treated by a membrane bioreactor (MBR) to produce RW. Then the RW was
transferred into the Jian River and �nally �owed into the Chaobai River (Fig. 1a). The transferred volume
of RW is 2.9⋅107 m3 in 2017, and the cumulative transferred volume is 2.3⋅108 m3 from 2007 to 2017.
Dams are set up to control the river water level and separate reaches of the river. RW has replenished the
Jian River and Shunyi reach of the Chaobai River since October 2007. The section from the earth dam to
the Henan rubber dam (Fig. 1a) is a perennial water-receiving river channel. The section between the
Xiangyang sluice and the earth dam is replenished only in May and October as an intermittent water-
receiving river channel. Moreover, the section from the Henan rubber dam to the Suzhuang rubber dam
has been perennially replenished since 2012.

2.2 Hydrogeology conditions
The study area locates at the edge of the alluvial fan of the Chaobai River. Stratigraphic distribution can
be seen from the hydrogeological pro�le (Fig. 1b), which is characterized by some interbedded layers.
From north to south, sediment grains gradually change from coarse to �ne. There are three aquifers of
different depths, and each aquifer expresses as the mean depth of the bottom is 30 m, 50 m, and 80 m,
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which are mainly composed of gravel and coarse sand (Li et al., 2013b) and separated by clay-rich
aquitards. The top 30 m-depth aquifer is uncon�ned, and 50 m- depth and 80 m-depth aquifers are
con�ned. The main groundwater pumping layer is the aquifer below 80 m-depth.

The groundwater is mainly recharged by rainfall, river leakage, lateral in�ow, and irrigation seepage
through the upper aquifer. Groundwater exploitation is the main way of discharge. The average depth of
groundwater table in the Xiangyang sluice (G01, G02, and G03) was 29.7 m in 2017, and the average
depth for other monitoring wells in Fig. 1a was 4.4 m in 2017. The groundwater generally �ows from
southwest to northeast, which is opposite to the terrain due to the excessive groundwater exploitation
(Zheng et al., 2015).

2.3 Data sources
Details on input data are summarized in Table 1. All the data were processed into a monthly dataset from
December 2007 to December 2017, analyzed for setting up a conceptual model, and �nally converted into
a numerical model for groundwater �ow and solute transport simulation.  
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Table 1
Groundwater �ow and transport model input data

Input data Source Data preparation and main values

Ground
elevation

the Advanced Spaceborne
Thermal Emission and Re�ection
Radiometer Global Digital
Elevation Model (resolution of 1
arc-second)

22~54 m

Layers'
thickness

Data from 14 Boreholes, provided
by Beijing Water Science and
Technology Institute (BWSTI)

The thickness of the seven layers is 10~55
m, 1~32 m, 1~29 m, 1~26m, 1~15 m, 1~19
m, and 104~150 m from top to bottom.

RW in�ltration Monthly and annual data of RW
transfer volume are provided by
BWSTI.

Average RW transfer volume: 2.3×107 m3/a
(2008-2017). The in�ltration amount of RW
was calculated by water balance and then
adjusted during the calibration process.

Groundwater
withdrawal

(Zheng, 2012) Min: 2.46×106 m3/a, max: 5.47×107 m3/a

Monthly
precipitation

Data from a dataset of monthly
values of climate data from the
Miyun Station in China
meteorological data service
centre

Mean annual precipitation 633 mm/a (2007-
2017)

Hydrogeological
zones, and K, Ss,
Sy, n, α values

(Zheng et al., 2015) Adjusted during the calibration process

Groundwater
table

14 monitoring wells in the
uncon�ned aquifer. Data
provided by BWSTI.

All wells are monitored one time per month.
Partially clogged wells are no data in some
months.

Cl- and NO3-N
concentration

14 monitoring wells in the
uncon�ned aquifer. Data
provided by BWSTI.

Each well was sampled from 3 to 4 times
per year.

2.4 Numerical modeling

2.4.1 Groundwater �ow and solute transport modeling
Numerical simulations of groundwater �ow and solute transport in this study area were performed using
MODFLOW (McDonald and Harbaugh, 1988) and MT3DMS (Zheng et al., 2012) codes, respectively, under
the visual MODFLOW software (WHI, 2011). The simulation period was December 2007 to December
2027 with a monthly stress period. The model was conducted with a total simulation time of 241 months,
as stress periods. The model domain was discretized into 150 columns and 170 rows with a grid size of
100 m × 100 m. The total thickness of the aquifer system is 200 m including four aquifers and three
aquitards (Fig. 1b). The aquifer system was divided into seven model layers to represent each aquifer and
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aquitard. The top surface elevation was determined using the Digital Elevation Model (DEM). The bottom
of each layer was generated by interpolating the boreholes data. Further analysis and discussion in this
study focus on the uncon�ned aquifer (�rst layer) due to this aquifer has been signi�cantly affected by
RW relative to other aquifers.

According to the monitoring data on the groundwater levels of monitoring wells, the no-�ow boundary
was applied to the northern boundary AB and the general head boundary applied to the eastern boundary
BC and western boundary AD (Fig. S1a). The south boundary CD was characterized by a constant head
boundary. The top boundary was the free surface of the uncon�ned aquifer. The lowest boundary is the
bottom of the seventh layer, most of which are limestone and dolomite with low permeability
(4.6×10−11~1.2×10−9 of hydraulic conductivity) (Louis, 1972). This boundary is generalized to the
con�ning boundary.

Water �uxes across the top boundary include recharge from the precipitation in�ltration, leakage recharge
from the river channel, and discharge through the leakage of the uncon�ned aquifer and evaporation.
Recharge from precipitation is calculated as the product of the monthly values of precipitation in the
period 2007–2017 and the local precipitation in�ltration coe�cient (Fig. S1b) (Zheng, 2012). The river
leakage recharge, including the Chaobai River and Jian River, was calculated through water balance in the
river channel:

QR = QRW+QP - QE - QT  (1)
where QR is the river leakage recharge, QRW is RW transfer volume, QP is precipitation recharge, QE is

evaporation from the water surface, QT is the transferred river water to upstream, and the unit is m3/a.

Due to RW restoring the river channel formed a large surface water area (approximately 5.63 km2), river
leakage recharge was regarded as planar recharge, the same as precipitation in�ltration. The temporal
recharge rate in the upper layer can be estimated as a combination of rainfall and river leakage.
Groundwater is mainly pumped from the aquifers below 80 m depth. The well �elds were simulated as
pumping wells, and their discharge rates were assigned on the �fth and seventh layers. The amount of
groundwater evaporation was very small due to the low groundwater table. When the groundwater table
depth in the North China Plain is greater than 3 m, evaporation of the uncon�ned groundwater disappears
(Huo, 2015). Thus, the evaporation was simulated in the zones where the groundwater table depth is
shallower than 3 m. The observed groundwater levels in the uncon�ned aquifer and the con�ned aquifers
at the end of 2007 were interpolated as the initial groundwater levels.

The solute transport model was developed based on the groundwater �ow model. Cl− as a conservative
solute has been generally used to trace and evaluate the impact of RW recharge on subsurface �ow
systems (Yu et al., 2016; Zhang and Yu, 2021). Cl− concentrations of RW are usually higher than that in
natural water.
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The Cl− concentration in the uncon�ned groundwater increased after RW restoring the river channel.
Besides RW, industrial pollution in the study area is also the source of Cl− inputting into groundwater. But
the latter didn’t affect the uncon�ned groundwater surrounding the monitoring wells except G32 (He et al.,
2021). The high Cl− concentrations in the uncon�ned groundwater along the river are mainly affected by
the RW in�ltration. Thus, the river leakage was assumed to be the only source of high concentrations of
Cl− in the model. The river was treated as a constant concentration boundary condition with Cl−

concentration of 60~120 mg/L according to the observed values. The observed data at the end of 2007
was interpolated to be the initial Cl− concentrations. The Cl− concentrations in rainfall and lateral �ow can
be set as 2 mg/L (Gao et al., 2015).

The study area is divided into various parameter zones(Fig. S1c)with different layers. The initial values of
hydraulic conductivity (K), storage coe�cient (Ss) speci�c yield (Sy), porosity (n), and dispersion
coe�cient (α) can be obtained from the previous work done by Zheng et al. (2015) in the study area.

2.4.2 Model calibration and validation
The model was calibrated by trial-and-error method based on the groundwater table and the Cl−

concentrations of observation wells from December 2007 to December 2015. The validation period
ranges from January 2016 to December 2017. The root means squared error (RMSE) (Eq. 2) and the
coe�cient of determination (R2) (Eq. 3) were used to evaluate the goodness-of-�t of the calibrated model.

  (2)

  (3)
where n is the number of observation points, Oi is the ith observed data, Si is the ith simulated result, and
Om is the mean value of observed data.

2.4.3 Scenario design
Six modeling scenarios were designed based on different conditions to predict groundwater changes and
analyze the in�uences of precipitation, groundwater extraction, and RW recharge (Table 2). A baseline
scenario was designed to compare the modeling results of different scenarios. Then, the groundwater
dynamics in the next 10 years after 2017 were predicted using the calibrated numerical model.



Page 9/31

Table 2
Scenario design for the groundwater model in the study area

Scenario ID Precipitation a Groundwater extraction b RW recharge c

Baseline scenario 2007–2017 series 2017 Yes

1 1993 (dry year) 2017 Yes

2 2005 (normal year) 2017 Yes

3 1982 (wet year) 2017 Yes

4 2007–2017 series 25% reduction Yes

5 2007–2017 series 25% increase Yes

6 2007–2017 series 2017 No

a "2007–2017 series" means the monthly precipitation from 2018 to 2027 repeats the monthly
precipitation series from 2007 to 2017. "1993 (dry year)" means the monthly precipitation from 2018
to 2027 repeats the monthly precipitation in1993. And so on, for 2005 (normal year) and 1982 (wet
year).

b "2017" means the groundwater extraction volume in all well �elds from 2018 to 2027 is the same as
the groundwater extraction volume in 2017. "25% reduction (increase)" means the groundwater
extraction volume of the well �eld A from 2018 to 2027 is decreased (increased) by 25% compared
with 2017.

c "Yes" means RW recharge from 2018 to 2027 remains unchanged, the same as in 2017. "No" means
there is no RW recharge from 2018 to 2027.

Climate change affects the hydrological cycle through changes in precipitation and the occurrence of
extreme weather. Different annual and seasonal precipitation level changes, the frequency and intensity
of �oods and droughts, would affect the groundwater system (Schoenheinz and Grischek, 2011).
However, it is di�cult to predict the precipitation in the next 10 years based on the existing meteorological
data. Therefore, it is necessary to assume multiple data-sets re�ecting different precipitation trends for
prediction. Based on the monthly precipitation data of the Miyun Station from 1956 to 2020, 1993, 2005,
and 1982 were selected to represent the dry, normal, and wet year, respectively. Accordingly, the annual
precipitation for the 10 years of model prediction period (2018-2027) was 454.8 mm, 574.6 mm, and
710.9 mm, respectively.

Beijing has taken a series of measures to restrict groundwater exploitation (State Council of the People's
Republic of China, 2014). The extraction volume of groundwater in the well �eld A has been halved since
2014. Therefore, two different groundwater exploitation scenarios were set up to discuss the impact of
groundwater exploitation on the RW in�ltration in the study area. Based on the extraction volume
(2.7×107 m3/a) of the well �eld A in 2017, the designed extraction volume of groundwater of the well �eld
A in the next 10 years will increase by 25% or decrease by 25% in different scenarios.
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RW in�ltration is an important recharge source for groundwater around the river channel. A scenario was
set up as no RW recharge in the next 10 years (2018-2027). Compared the difference with or without RW
recharge to discuss the impact of RW recharge on surrounding groundwater.

2.5 Estimation of Cl- and NO3-N loads in the uncon�ned
aquifer
The pollutant load can be calculated from the groundwater storage and pollutant concentration for a
given area, re�ecting the changes in groundwater pollution under the combined effect of groundwater
quantity and quality (Su et al., 2019; Kang et al., 2021). In this study, the concentration gradient was not
considered. The formula is as follows:

  (4)
where P refers to the Cl− or NO3-N loads, Ci is the solute concentration of the groundwater in the i cell

(mg/L), and Si is groundwater storage in the i cell (m3).

The groundwater table and Cl− concentration of each cell can be obtained from the modeling results. The
NO3-N concentration of each cell can be gained by interpolating the observed NO3-N concentrations in the
discrete grids of the model.

3 Results

3.1 Groundwater model calibration and validation
The RW mainly in�ltrates into the uncon�ned aquifer along the river channel. The average proportion of
RW in the uncon�ned aquifer is the highest of all aquifers from 2007 to 2018, reaching up to 53% (He et
al., 2021). The uncon�ned aquifer is signi�cantly affected by reclaimed water recharge in groundwater
level (Zheng et al., 2015; He et al., 2021), hydrochemistry (Li et al., 2019; Jiang et al., 2020), and water
quality (Li et al., 2013a; Ma et al., 2015; Wang et al., 2019). This study focuses on the uncon�ned aquifer.

The parameters of the �rst layer of groundwater �ow and solute model were calibrated and validated with
the history matching. First, the parameters need to be adjusted for minimizing the difference between the
observed and simulated outputs. Four typical wells distributed along the bank of recharged river channel
from upstream to downstream were selected to represent the groundwater table around the perennial and
intermittent water-receiving river channel. Fig. 2 presents the �tted results for the simulated groundwater
table and Cl− concentrations in 4 typical observation wells of the uncon�ned aquifer. During the
calibration and validation periods, the RMSE value was 0.35 m, and the R2 value was 0.99 for the
groundwater table, and the RMSE value was 11.9 mg/L, and the R2 value was 0.68 for Cl− concentrations,
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respectively. It indicates that the model can be used to predict the variations of the groundwater table and
simulate Cl− transport in the aquifer. The zonations of the layers are shown in Fig. S1b. The calibrated
parameters of the layers referenced from Zheng et al. (2015) and are shown in Table S1.

3.2 Changes of the groundwater table and the uncon�ned
groundwater storage

3.2.1 Changes in the groundwater table
Figure 3 shows the simulated results of the groundwater level at the end of 2008, 2009, 2012, and 2017
after RW restoring the river channel. The area with the lowest groundwater table is located in the north of
the Xiangyang sluice. The groundwater tables were still falling during the 10 years (2007–2017) after RW
recharge, along with groundwater exploitation. The groundwater table in the south of the Xiangyang
sluice increased quickly, around 3 m after the RW recharge for two years (2007–2009). The closer to the
river, the more signi�cant the groundwater table rises due to the RW in�ltration.

3.2.2 Groundwater budget analysis
The groundwater budget of the uncon�ned aquifer was summarized in Table 3. The total recharge and
discharge volume during the simulation period (Dec. 2007–Dec. 2017) was 8.94×108 m3 and 10.23×108

m3, respectively, with a reduction in groundwater volume of 1.29×108 m3. The main recharge sources are
precipitation in�ltration, lateral in�ow, and RW in�ltration. The amount of precipitation in�ltration was
7.56×108 m3 in the simulation period, accounting for 84.6% of the total recharge. The amount of RW
in�ltration was 5.9×107 m3 (6.7%). For discharge items, the leakage of the uncon�ned aquifer was
9.97×108 m3 (97.4%), which was greater than the total recharge. The groundwater table of the uncon�ned
aquifer was higher than those of the �rst and second con�ned aquifers. An increase in the vertical
hydraulic gradient due to the deep groundwater pumping enhanced the RW in�ltration into the deep
aquifers. In contrast, the lateral out�ow and evaporation were 2.3×107 m3 (2.2%) and 4×106 m3 (0.4%).
They accounted for a small part of the total discharge volume. Therefore, the discharge leakage of the
uncon�ned aquifer driven by the deep groundwater withdrawal was responsible for the negative balance
of the uncon�ned groundwater storage.
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Table 3
The uncon�ned groundwater budget from Dec. 2007 to Dec. 2017

Recharge items Volume (108

m3)
Proportion
a

Discharge
items

Volume (108

m3)
Proportion
a

Precipitation
in�ltration

7.56 84.6% Leakage 9.97 97.4%

Lateral �ow 0.78 8.7% Lateral �ow 0.23 2.2%

RW in�ltration 0.59 6.7% Evaporation 0.04 0.4%

Leakage 0.01 0.1%      

Total input 8.94   Total output 10.23 100.0%

Storage change                                         -1.29

a "Proportion" means the proportion of recharge (discharge) items in total input (output)

3.3. Variations of the Cl- concentrations
Figure 4 shows contour maps of the simulated Cl− concentrations at the end of 1st, 2nd, 5th, and 10th
years after RW restoring the river channel. The Cl− concentrations in the uncon�ned groundwater
increased from 5~75 mg/L to 50~130 mg/L from the end of 2007 to 2010, and then remained stable
(Fig. 2d). The groundwater Cl− concentrations in this area decrease with the increasing distance from the
river channel. Both precipitation in�ltration and subsurface lateral �ow played a dilutive effect, the Cl−

concentration in the areas away from the river channel was gradually decreased.

4 Discussion

4.1 Effect of different recharge and discharge conditions on
the groundwater system
The difference of the modeling results in groundwater Cl− concentration under different precipitation
scenarios is small than 10 mg/L. The prediction results show that Cl− concentrations in the uncon�ned
groundwater could be rapidly diluted without RW recharge as RW is the only source of high
concentrations of Cl− in the model. There is almost no difference in the modeling results in Cl−

concentration under different groundwater extraction scenarios. Therefore, only the in�uence of different
scenarios on the groundwater table will be discussed below.

Precipitation in�ltration as the main source of recharge for uncon�ned groundwater affects the variations
of groundwater levels. In different precipitation scenarios, the groundwater table in wet scenario >
baseline scenario > normal scenario > dry scenario (Fig. S2). The interannual variation of the groundwater
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table under the baseline scenario is the smallest, approximated as a state of balance. Long-term low
rainfall will cause the groundwater table to drop. In Fig. S2d, we can see that the groundwater table in the
wet scenario is up to 2 m and 4 m higher than in the normal and dry scenarios, respectively, after 10
years.

The scenarios with baseline precipitation and RW recharge (scenarios 4 and 5) demonstrated the impact
of groundwater exploitation. Fig. S3 shows the groundwater table under different groundwater extraction
scenarios. The results show that the reduction in groundwater withdrawal can recover the groundwater
table. The closer to the well �eld, the greater the groundwater table changes affected by groundwater
extraction. For example, the well G01 closest to the well �eld has a maximum groundwater table
amplitude of ~ 2 m between the increase and reduction scenarios (Fig. S3a).

The scenario of baseline precipitation and groundwater extraction (scenario 6) was designed to
demonstrate the in�uence of RW recharge. Compared with the baseline scenario, the groundwater table
dropped when there was no RW recharge and then reached a relatively stable state. The difference in
groundwater table with and without RW recharge is about 3m, 5m, 11m, and 5m at G01, G15, G22, and
G30, respectively (Fig. S4). It indicates that the continuous RW recharge helps maintain the groundwater
table stable. When there is no RW recharge, the groundwater table around the river channel will reduce to
a low level.

4.2 Variations of the uncon�ned groundwater storage
The uncon�ned groundwater storage can be calculated by the simulated groundwater table each year at
the end of December (Fig. 5). The storage decreased year by year from 4.83×108 m3 at the end of 2007 to
3.88×108 m3 at the end of 2011. Although the groundwater table around the river has risen after the RW
recharged, the groundwater table in the north Xiangyang sluice has been falling due to the continuous
groundwater exploitation. Since 2012, the section between Henan rubber dam and Suzhuang rubber dam
has been replenished by the RW. The storage increased to 4.1×108 m3 by the end of 2012, then continued
to decline and was up to 3.76×108 m3 at the end of 2014 (Fig. 5).

In December 2014, the South-to-North Water Diversion Project began to transfer water to Beijing. The
amount of groundwater extraction in the well �eld, which is located in the north of the Xiangyang sluice,
has been halved. The declining trend of the con�ned groundwater level has slowed down. Moreover, the
annual average leakage of the uncon�ned aquifer has decreased from 1.04×108 m3/a (2008–2013) to
8.81×107 m3/a (2014–2017). Due to the continuous RW in�ltration and the groundwater extraction
reduction, storage began to rise slowly since 2014. It rose from 3.76×108 m3 at the end of 2014 to
3.85×108 m3 at the end of 2017 (Fig. 5).
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4.3 Distribution of the uncon�ned groundwater-affected by
the RW in�ltration
The increase of Cl− concentrations may re�ect the impact of RW in�ltration on groundwater. The zones
where the Cl− concentration is higher than the initial concentration (5~75 mg/L) after RW recharge is
de�ned as being affected by RW in�ltration. Fig. 6 shows zones of the uncon�ned groundwater quality
affected by RW for the 1st, 2nd, 5th, and 10th years after RW restoring the river channel. The Cl− transport
is controlled by both the groundwater �ow rate and the concentration gradient. In the early stage of
reclaimed water replenishment, the groundwater table elevated rapidly due to the RW in�ltration, resulting
in quick Cl− movement with the groundwater �ow. Thus, the zones affected by RW are distributed at both
sides of the river. Due to the uncon�ned groundwater �ows from southwest to northeast, the affected
zone of the left bank is more extensive than that at the right bank (Fig. 6). The affected zones gradually
expanded with the increase of time and recharged channels, but the annual increasing rate of the area
decreased year by year (Table 4). It indicates that Cl− movement slowed down with the groundwater table
stable around the river.

Table 4
Variations of the zones affected by RW in�ltration for the uncon�ned groundwater

Year 2008 2009   2010 2011 2012 2013 2014 2015 2016 2017

Area (km2) 11.7 14.9   16.4 17.8 22.2 23.3 24.6 25.7 26.4 26.7

Increasing
rate (%)

  27.4   9.8 8.8 24.5 5.3 5.3 4.6 2.5 1.4

4.4 Variations of the Cl- and NO3-N loads

4.4.1 Cl- loads in the uncon�ned groundwater
The Cl− loads in the model area were decreased annually, dropped from 1.66×104 t at the end of 2007 to
3.85×103 t at the end of 2017 (Fig. 5). In contrast, the Cl− loads in the affected zones rose from 1.8×103 t
at the end of 2008 to 3.8×103 t at the end of 2017. There are rising trends both in the Cl− concentrations,
and Cl− loads of the uncon�ned groundwater in the affected zones. The zone can represent where the
uncon�ned groundwater quality is affected by RW in terms of solute concentration and corresponding
loads.

4.4.2 NO3-N loads in the affected zones
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NO3-N is the typical contaminant in the RW (Pan et al., 2018; Li et al., 2019). Although NO3-N has been
partially removed during the RW in�ltration process, NO3-N from the RW still enters the groundwater (Li et
al., 2019). The observed NO3-N concentrations of some monitoring wells occasionally exceed 10 mg/L
(guideline for drinking water recommended by WHO (World Health Organization, 2017)). Furthermore, the
change trends of groundwater NO3-N concentrations during monitoring periods were consistent with

those of groundwater Cl− concentrations, being affected by seasonal precipitation and temperature
changes (Li, 2020).

Figure 5 shows the calculated groundwater NO3-N loads within the affected zones at the end of each
year, declining from 29.8 t at the end of 2008 to 11.9 t at the end of 2017. It indicates that the RW
in�ltration did not increase the NO3-N loads in the uncon�ned groundwater.

Although the maximum NO3-N concentration in the RW is as high as 20.2 mg/L, the uncon�ned
groundwater has been subjected to denitri�cation during the RW in�ltration, especially in the south of the
Xiangyang sluice (Liu et al., 2018). Denitri�cation hotspots are easily formed during surface water
in�ltration (Rivett et al., 2008; Ranalli and Macalady, 2010; Trauth et al., 2018). The attenuation rate of
NO3-N near the monitoring well G22 can reach 99.6% (Li et al., 2019).

There was a high level (48.8 t) of NO3-N loads at the end of 2011. The NO3-N contents near the
Xiangyang sluice are relatively high due to the existing thick gravel layer, which is not conducive to
remove NO3-N (Xiong, 2009). The north channel of the earth dam has been replenished only in May and
October. Sediments can adsorb NH4-N during the wet period, which can be converted by nitri�cation
reaction into NO3-N during the dry period (Böhlke et al., 2006). Therefore, the uncon�ned groundwater
near the intermittent water-receiving channel appeared high NO3-N concentrations (~ 14.7 mg/L).

4.5 Environmental implications for management of a river
channel recharged by RW
RW has been used to restore the Chaobai River, while the uncon�ned aquifer near the river channel was
unintentionally recharged. It can be considered as a riverbank �ltration (RBF) system, a way of
anthropogenic aquifer recharge (AAR) (Todd, 1959; Morel-Seytoux, 1985; Dillon, 2005; NRMMC et al.,
2009; Maliva, 2020a). As a result, the RW in�ltration affects the groundwater level and quality around the
river channel, especially the uncon�ned groundwater.

The RW in�ltration has quickly replenished the uncon�ned groundwater, resulting in the groundwater
table around the river channel to rose rapidly by 3~4 m in the �rst two years (2007–2009) (Zheng et al.,
2015; He et al., 2021). However, increased recharge via the RW in�ltration may not necessarily result in a
corresponding increase in the groundwater storage volume (Maliva, 2020b). According to the calculated
results of the uncon�ned groundwater storage in this study, it is necessary to combine the increase RW
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recharge and reduction extractions to sustain the groundwater storage. Increasing recharge in isolation
may not solve the problem of groundwater over-extraction (Gale et al., 2006; Foster and Garduño, 2013).

Water quality issues are usually the most concern in the RW utilization. The in�ltration process driven by
natural �ltration and groundwater pumping improves or degrades the recharged water quality. It depends
on the quantity and hydrochemical characteristics of RW and native groundwater, and the geochemical
processes occurring during RW passes via riverbed and underlying aquifer (Ray, 2008; Stuyfzand, 2011;
Tyagi et al., 2013; Hu et al., 2016). In the study area, the subsurface hydrochemistry might be modi�ed by
mixing the in�ltrated RW with native groundwater and potential water-rock interactions, especially the
mixing process and cation exchange (Yu, 2013; Liu et al., 2018). The hydrochemical type of the
uncon�ned groundwater has changed from HCO3-Ca·Mg into HCO3·Cl-Na·Ca, which is the RW type (Li et
al., 2019; Jiang et al., 2020). The hydraulic travel time of RW in�ltration into the 30 m depth was about
6.5 months (Li et al., 2019). The average proportion of the RW in the uncon�ned aquifers is about 53%
from 2007 to 2018 (He et al., 2021). NO3-N in the RW was well attenuated with an attenuation rate of
99.6% during in�ltration (Li et al., 2019). Some emerging contaminants have been detected in the
uncon�ned groundwater from this area, such as endocrine-disrupting compounds (Li et al., 2013a; Ma et
al., 2015) and antibiotics and antibiotic resistance genes (Zhang et al., 2018).

Although the RW recharge to a river channel may inevitably affect the groundwater quality of the
underlying aquifers, the affected zones are limited. In the affected zones, the Cl− loads of the uncon�ned
groundwater were increased and NO3-N loads of the uncon�ned groundwater attenuated in the zones. But
outside of these affected zones, the groundwater quality is characterized by the initial concentration of
the aquifer.

RW utilization for recharging the river channel and the ambient groundwater system is usually a double-
edged sword, which can bring the environment both bene�ts and harms. The main bene�ts are restoring
the riverine ecosystem, increasing and maintaining the groundwater table and storage, and reducing
groundwater pumping. At the same time, the disadvantage lies in the potential deterioration of
groundwater quality, which depends on the inputs. attenuation of contaminants, and potential water-rock
interaction in river-aquifer systems. Where conditions are hydro-geologically favorable, RW recharge to
the river channel can be a valuable way of alleviating water shortages (Maliva, 2020a). It is important and
necessary to investigate and evaluate whether the �eld is suitable for RW recharge (Alam et al., 2021).
Based on the numerical modeling, this study shows that apart from the affected zones, the RW has lesser
environmental impacts of RW in�ltration on groundwater quality. In future work, we should pay more
attention to variations of water quality after RW recharge, and take necessary measures to manage RW
recharge. It is an essential aspect of ensuring the safe use of RW. Additionally, as the uncon�ned
groundwater table rise, a threshold of water level should be set to prevent soil salinization in the RW
receiving area.

5 Conclusions
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Since the operation of the Beijing Municipal Water Diversion Project in 2007, it has been more than ten
years since the implementation of reclaimed water supply to the Chaobai River, resulting in some
environmental effects (e.g. groundwater level rise and water quality change). Based on long time-
sequenced groundwater monitoring data, this study established a three-dimensional groundwater �ow
and solute transport model to evaluate the impact of the RW recharge on the groundwater table and
storage change, and Cl− and NO3-N loads in the uncon�ned aquifer. Seven scenarios are designed to
reveal the in�uence of different precipitation, groundwater extraction, and RW recharge conditions on the
uncon�ned groundwater system.

The results show that the groundwater table around the river channel rose by about 3~4 m from Dec.
2007 to Dec. 2009 after RW recharge and then remained stable. The groundwater exploitation caused the
declining groundwater table near the well �eld in the north of the Xiangyang sluice, and the uncon�ned
groundwater was in a negative equilibrium state from Dec. 2007 to Dec. 2017. The continuous recharge
of RW and the reduced groundwater exploitation increased the uncon�ned groundwater storage.
Reducing the amount of groundwater exploitation by 25% can increase the surrounding groundwater
table by ~1 m in 10 years (2018–2027). Stop supplying reclaimed water, and the uncon�ned groundwater
table around the river channel will drop by ~5 m in 10 years (2018–2027).

The range of Cl− concentrations in the uncon�ned groundwater signi�cantly increased from 5~75 mg/L
before RW recharge to 50~130 mg/L due to the RW in�ltration. The affected zones can be identi�ed by
the increase of Cl− concentration. The RW-affected area increased from 11.7 km2 in 2008 to 26.7 km2 in
2017. The affected zones tend to be annually stable with a steady RW supply. The Cl− loads of the
uncon�ned groundwater in the affected zones were increased annually, but the NO3-N loads were
decreasing as a whole due to NO3-N attenuated in the zones.

In general, the river channel recharged by RW in the study area is bene�cial to increase and maintain the
groundwater table and the groundwater storage with lesser environmental impacts. To a large extent, the
pressure on water demand in Beijing has been relieved. It suggests that long-term monitoring of surface
and groundwater quality around the river channel can be implemented to keep a watchful eye on changes
in groundwater quality and environmental impacts. Improving the RW quality and optimizing
replenishment plans through modeling are recommended for water management around the river channel
recharged by RW. In order to minimize the negative environmental effects, it is necessary to regulate the
water quality and quantity in the long run to realize the optimal utilization of reclaimed water.
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Figures

Figure 1

Location map showing (a) water sampling sites, well �elds in the study area, and (b) hydrogeological
cross-section along P-P’ from north to south (modi�ed from Zheng et al., 2015). I refers to the uncon�ned
aquifer in this study, and con�ned aquifers refer to III, V, and . , , and  correspond to the aquitards.
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Figure 2

(a) Simulated versus observed results for groundwater tables in the uncon�ned aquifer, (b) comparison
between the observed and simulated monthly groundwater tables for four typical observations, (c)
Simulated versus observed Cl- concentration in the uncon�ned aquifer, (d) comparison between the
observed and simulated monthly Cl- concentration for four typical observations during calibration and
validation periods in the study area
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Figure 3

Distribution of the simulated groundwater table contours (unit: m) in the uncon�ned aquifer at the end of
(a)2008, (b)2009, (c) 2012, and (d) 2017 after the RW restoring river channel (the coordinate system is the
Beijing local coordinate system)
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Figure 4

Distribution of the simulated Cl- concentrations in the uncon�ned aquifer at the end of 2008 (a), 2009 (b),
2012 (c), and 2017 (d) after RW restoring the river channel
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Figure 5

Variations of the uncon�ned groundwater storage, Cl- loads in the model area, Cl- loads, and NO3-N loads
in the affected zones
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Figure 6

The zones affected by RW for the uncon�ned aquifer (grey area) at the end of 2008 (a), 2009 (b), 2012
(c), and 2017 (d) after RW restoring the river channel
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