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Intensive groundwater exploitation has depleted groundwater storage and led to a series of geo-environmental
problems in Beijing Plain, China. Managed Aquifer Recharge (MAR) has been endorsed to mitigate the
groundwater storage depletion and achieve groundwater sustainability. A pilot MAR has been tested in the
Chaobai River catchment since 2015. An innovative large-scale MAR consisting of 9 cascade terraced infiltration
ponds was proposed and its effectiveness was assessed in this study using an integrated modelling approach. The
integrated model coupled the regional and local transient flow and transport processes. The transient regional
flow model simulated historical groundwater level declines and storage depletion in the Beijing Plain from 1995
to 2018. The coupled regional and local flow model was used to simulate the pilot MAR test in the Chaobai River
from 2015 to 2018. A significant groundwater level increase was observed nearby the pilot MAR since 2015. The
transport model results indicate that approximately 40% of the infiltrated water was captured by pumping wells
in the No.8 well field. The models were further used to assess the long-term effects of the large-scale MAR from
2020 to 2050. The simulation results show that the groundwater system will reach a new equilibrium state under
the implementation of the large-scale MAR scheme. Almost 91% of the abstracted water in the No. 8 well field
will come from the MAR infiltration. The proposed large-scale MAR is very effective in restoring the depleted
aquifer storage and maintaining the groundwater abstraction in the No.8 well field. However, with the increase
of the groundwater level, the infiltration rate of several ponds will decrease. Therefore, it is important to
maintain a dynamic balance between artificial recharge and groundwater abstraction in order to achieve a
sustainable long-term MAR operation in the region.

1. Introduction filtration, well and borehole recharge that focus on getting water infil-

trated; and in-channel modifications and runoff harvesting technique

Groundwater storage depletion has become a global issue that
threats the sustainable water development (Aeschbach-Hertig and
Gleeson, 2012; Famiglietti, 2014). Despite the impact of climate change,
the long-term groundwater depletion is always resulted from intensive
groundwater abstraction (UN-water, 2022). The Managed Aquifer
Recharge (MAR) systems, which are widely applied globally, could help
to enhance the groundwater recharge artificially and recover the aquifer
storage (Bouwer, 2002; Dillon, 2005; Gale, 2005). The classification of
MAR techniques has been summarized by IGRAC in the global MAR
inventory report including the spreading methods, induced bank

that focus primarily on capturing the water (IGRAC, 2007).

Among the techniques abovementioned, the spreading method in the
river channel or by infiltration basin is a widely applied type of MAR
globally, especially in the area with adequate land space and high
permeable soil that allows water infiltration to the unconfined aquifer
(Ghayoumian et al., 2005). The application of the spreading method
usually combines with the source water capture system and recovery
wells for water supply IGRAC, 2007). The stormwater spreading system
is implemented to augment the groundwater storage and decrease the
peak discharge of the river as a flood control structure in the area with
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uneven rainfall patterns (Hashemi et al., 2015; Yaraghi et al., 2019). In
coastal area, reclaimed water is used to recharge the unconfined aquifer
to prevent seawater intrusion (Abbo and Gev, 2008; Evans and Aruna-
kumaren, 2012). Desalinated water has been used for injection without
the concern of the clogging issue (Ganot et al., 2017). Lake or river water
diverted from other regions can also be the source water for the water
spreading for drinking water production (Mirlas et al., 2015; Olsthoorn
and Mosch, 2002) or increasing the groundwater storage during the dry
season (Barber et al., 2009) and reduce the groundwater depletion in the
pumping intensive area (Izbicki et al., 2008; Pliakas et al., 2005; Teatini
et al., 2015).

Numerical modelling as an effective tool for the design of the MAR
system and the optimization of the MAR scheme, has been widely
applied (Maliva et al., 2015). Groundwater flow model is the most
frequently applied model type for the simulation of the MAR system
(Ringleb et al., 2016). The main modelling objectives of the ground-
water flow model include 1) identifying the suitable site for the MAR
structures (Karimov et al., 2015; Rahman et al., 2013; Russo et al., 2015;
Sashikkumar et al., 2017); 2) assessing the MAR performance (Barber
et al., 2009; Neumann et al., 2004; Niswonger et al., 2017; Ronayne
et al., 2017); 3) evaluating the impact of the MAR operation on the
groundwater recharge dynamic (Masetti et al., 2016; Mirlas et al.,
2015); 4) estimating the infiltration capacity (Ganot et al., 2017; Hsieh
et al., 2010; Masetti et al., 2018; Namjou and Pattle, 2002); 5) opti-
mizing the future MAR scheme (Lacher et al., 2014; Teatini et al., 2015;
Xanke et al., 2016; Zeelie, 2002). Combined with the groundwater flow
model, solute transport modelling is also applied frequently to 1)
investigate the mixing process of the infiltrated water with the natural
groundwater (Bahar et al., 2021; Vandenbohede et al., 2013); 2)
examine the recovery efficiency of the MAR implementation (Huang and
Chiu, 2018; Jarraya Horriche and Benabdallah, 2020); 3) assess the
clogging issues by the geochemical processes (Soleimani et al., 2009).

To cope with the continuous groundwater storage depletion and the
uncertainty of the future climate change in Beijing, utilizing MAR in-
frastructures to replenish the depleted aquifer has been considered in
the last several decades (Zhang et al., 2008). Several potential artificial
recharge sites has been selected (Yao, 2014; Zhang et al., 2013). The
natural dry riverbed of the two main rivers in Beijing Plain have been
recognized as ideal MAR sites for surface water infiltration and recharge
of the shallow aquifer. Pilot MAR project has been implemented since
2015 (Cao et al., 2022; Zhou et al., 2021). Modelling studies have also
been carried out to evaluate the performance of the current MAR
implementation and the potential of the future MAR operation in Beijing
(Hao et al., 2014; Hu et al., 2019; Ma et al., 2020; Nan et al., 2016; Xu
et al.,, 2022; Zhou et al., 2012). However, most of these modelling
studies were only dedicated to the local-scale simulation of MAR sites
with relatively short simulation period, which lack the capability to
evaluate the contribution of the MAR operation to restoring the
groundwater depletion of the entire plain region and support the deci-
sion making for an integrated groundwater management of the city. In
addition, the boundary conditions of local modelling studies are nor-
mally defined as no flow or constant head boundary based on the
groundwater contour map. The uncertainty caused by the boundary
conditions on the predicted result for the future scenarios has been
addressed by different researchers (Liu et al., 2009; Rojas et al., 2010;
Wu and Zeng, 2013).

This paper aims at assessing the effectiveness of achieving sustain-
able groundwater development in the Chaobai River area by imple-
menting a large-scale MAR in the riverbed. An innovative MAR system
consisting of 9 cascade terrace infiltration basins was designed in the 12
km long riverbed for artificial groundwater recharge. With the multi-
scale groundwater flow and solute transport models, the local MAR
system in the Chaobai River and the regional groundwater flow in the
Beijing Plain can be simulated simultaneously. Therefore, a unique
modelling strategy was carried out in a number of steps. Firstly, a
regional transient groundwater flow model was constructed from 1995
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to 2018 to assess groundwater depletion in the Beijing Plain. Secondly, a
local groundwater flow model was developed for the pilot MAR in the
Chaobai River coupled with the regional flow model. The movement of
the infiltrated water was tracked with a tracer transport model Thirdly,
the long-term effect of the designed large-scale MAR was simulated with
the coupled model from 2020 to 2050. The findings from the model
simulations support the implementation of the large-scale MAR as an
effective measure to achieve sustainable groundwater resources devel-
opment in the area.

2. Materials and methods
2.1. A review of groundwater model development in Beijing Plain

The area of Beijing has the typical characteristic of a piedmont plain
surrounded by mountains in the north and west (Zhou et al., 2013). The
long-term average annual precipitation and open pan water evaporation
are 593 mm and 1728 mm, respectively. The temporal distribution of
the rainfall is very uneven throughout the year. 75 % of the total rainfall
occurs during the raining period from June to September. Two large
rivers, Chaobai and Yongding, run dry most time since reservoirs were
constructed at upstream. In recent years, Beijing municipality started to
rehabilitate these two rivers and implement pilot managed aquifer
recharge. The aquifer system varies from an unconfined aquifer near the
foot of the mountains to multi-layered semi-confined aquifers down-
stream of the plain. Groundwater provides almost two-thirds of the
water supply for Beijing City. To manage the groundwater resources of
the Beijing Plain, regional groundwater studies began in the 1990s. In
1995, an investigation of the groundwater resources in Beijing was
carried out. Groundwater storage and water budget components were
calculated and analysed, which provided solid information for the
construction of a regional groundwater model of the Beijing Plain. A
three-dimensional transient groundwater flow model was built to eval-
uate the groundwater resources from 1995 to 2005 using MODFLOW-
2000 (Han, 2007). This transient flow model was extended to 2010 to
analyse options for sustainable groundwater resources development
(Zhou et al., 2012). Based on the previous modelling study, an alter-
native model was constructed with the so-called “true-layer” model
approach (Fig. 1(a)) where model layers were truncated with the actual
extension of aquifers and aquitards (Liu et al., 2021a). The conceptual
model consists of five aquifers and four aquitards. Nine model layers
were used to represent every aquifer and aquitard. This regional model
was calibrated in the steady state using the recharge and discharge data
of the year 1995, in which the total groundwater recharge and discharge
are approximately balanced. Afterwards, coupled regional and local
scale models with different refining methods were constructed and
evaluated for the simulation of the MAR scheme in the Chaobai River
catchment (Liu et al., 2021b).

2.2. Extension of the regional transient groundwater flow model

A new transient regional flow model was developed in this study to
simulate groundwater flow changes in Beijing plain from the year 1995
to 2018 with a monthly stress period using the MODFLOW 2005 pro-
gram in GMS modelling environment (Aquaveo, 2019). The total model
area is 6,642 km? and was discretised with a uniform grid of 1000 m by
1000 m. The model consisted of 9 model layers corresponding to 5
aquifers and 4 aquitards. In total, 23,300 active cells were included in
the model simulation. The transient inputs of the old transient model for
1995 to 2010 were adopted and the model was extended to 2018,
including recent changes in the reduction of groundwater abstractions
since the delivery of the new water source to Beijing from the South to
North Water Diversion project by the end of 2014. The main sources and
sinks of the flow model are depicted in Fig. 1(a). Monthly groundwater
recharge series were extended using monthly meteorological data from
2011 to 2018 and simulated by the Recharge (RCH) package. Infiltration
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Fig. 1. (a) The conceptual model of the coupled regional and local groundwater flow model of the Beijing Plain (revised from Liu et al., 2021b)). Each colour
represents one model layer. (b)-(d): Grid of the multi-scale models: (b) regional model (1000 m x 1000 m); (c) local model (100 m x 100 m); and (d) site model (20
m x 20 m). The blue, green and red lines are the boundaries of the regional, local and site models, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

coefficients were assigned to recharge zones based on the characteristic
of the land surface and soil type. Map of the infiltration coefficients can
be found in Supplementary Materials A. Groundwater evaporation was
simulated by the Evapotranspiration (EVT) package derived from the
pan evaporation data. Abstraction was simulated by the Well (WEL)
package and categorized into four types: industrial use, agricultural use,
township water supply, and urban water supply well fields. The annual
groundwater abstractions for different usages were obtained from the

Beijing Water Resource Bulletin (Beijing Water Authority, 2021). The
total amount of abstraction was allocated to each district and mapped to
the corresponding grid cells in the model. Irrigation return flow was
calculated based on the annual agricultural groundwater use and
simulated by RCH package. Pipeline leakage was simulated also by RCH
package and specified as a constant value in the city centre area. Since
the rivers are dry most time and have water only during raining periods.
The amount of leakage was computed for raining periods and was
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simulated as injection rates in WEL package. Lateral boundary flow from
the mountainous region was derived from the annual water balance
calculation of the Beijing Plain and simulated as injection wells by WEL
package. The administrative borders in the south and east were specified
as head-dependent boundary simulated by General Head Boundary
(GHB) package. Afterwards, these model inputs were examined and
adjusted by an inverse modelling process to check the consistency of the
computed and observed groundwater level time series. The hydraulic
conductivities were optimised with PEST in the previous model study
(Liu et al., 2021b). The specific yield and specific storage values were
obtained from the previous transient model (Zhou et al., 2012) and
manually adjusted for better model fit. This calibrated model was used
for the evaluation of the groundwater level and storage changes in
response to the reductions of groundwater abstraction and to couple a
local flow model for the design and simulation of the MAR scheme in the
Chaobai River.

(4
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o U
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Niulanshan Rubber D
Legend
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2.3. Simulation of pilot MAR in Chaobai River with multi-scale transient
models

To simulate the MAR operation in the Chaobai River catchment, the
regional model grid was refined with the conventional grid refining
method with variable spacing and the grid lines in each direction ex-
tends out to the model boundary Chaobai River area into a local model
grid and a site model grid in MODFLOW-2005 (Fig. 1(b)-(d)). The area of
the local model is 561 km? and the uniform model grid size is 100 m. The
area of the MAR site model is 26.6 km? with a uniform model grid of 20
m by 20 m. The determination of the local and site model boundary was
tested iteratively which ensures the extents of the refined grid area are
sufficient to capture the influence of the MAR operation on the local
groundwater flow field.

The MAR site of the Chaobai River channel is dry most of the time
throughout the year because the reservoir upstream captures most of the
river discharge. The intense groundwater exploitation nearby the NO.8

| Head stage of the
infiltration pond(H)

Elevation of the
pond bottom (hv)

\/ Hydraulic

Conductance (C\/i)

®)

Fixed water depth: 0.4 m
erraced pond bottom (Hb)

Legend

Shape of the infiltration pond
s Surface water level in the pond
mmmmm Sluice between ponds

@

Fig. 2. Location of the Pilot MAR site (a) and the diagram of the MAR infiltration simulation in the MODFLOW RIV package (b). Location of the full-scale MAR site
(c) and the layout of the full-scale MAR scheme consisting of nine cascade terraced ponds simulated with MODFLOW RIV package (d).
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Well Field has created a large cone of depression in the surrounding
area. A feasibility study showed that this section of the river channel is
an ideal place for the implementation of the MAR system. The pilot MAR
test started in 2015. Source water from the South to North Water
diversion project (Webber et al., 2017) was transferred to the Niulan-
shan Rubber dam and spread to the 1.5 km river channel (Fig. 2(a)). It
has been verified that the quality of the source water reaches the stan-
dard of Category II based on the Chinese Standard of Groundwater
Quality (AQSIQ and SAC, 2017), which is better than the natural
groundwater quality. Thus, the risk of clogging problem caused by the
artificial recharge is minimal.

The groundwater flow model was designed to simulate the variation
of the groundwater level during and after the pilot MAR test. The
infiltration process was simulated with the River (RIV) package of the
MODFLOW program. The 1.5-km river channel was divided into three
polygons in the conceptual model (Fig. 2(b)). The required input data
include the head stage of the infiltration pond (H), the elevation of the
pond bottom (Hp) and the conductance of the riverbed (Cp). The flow
rate of the source water to the infiltration pond was obtained from
Beijing Water Authority. The water depth of the infiltration pond was
obtained from the inflow rate, water release duration and the pond area.
The riverbed conductance was calibrated to match the infiltration rate of
the pond equal to the measured rate. Detailed input data can be found in
Supplementary Materials A. In 2015, 33.7 million m® of water were
infiltrated from the Chaobai riverbed between August and November. In
2016, 10.3 million m® of water were infiltrated in 15 days from July
20th. In 2017 and 2018, pprox.. 44 million m® of source water were
infiltrated between May and November. The groundwater levels in the
monitoring wells nearby showed a significant increase in response to the
pilot MAR test. During the non-recharge period, the groundwater levels
decreased because of the continued abstraction in the NO.8 Well Field.
The head stage of the RIV package was set as the sum of the pond bottom
elevation with the pond water depth during the recharge period. During
the non-recharge period, the head stage was assigned the same as the
pond bottom elevation so that no infiltration takes place. The conduc-
tance value was estimated based on the empirical value of the riverbed
materials and calibrated by matching the computed river leakage with
the inflow to the MAR site.

2.4. Design and simulation of a full-scale MAR in Chaobai River

The pilot MAR test in the Chaobai River has shown the feasibility of
the implementation of a full-scale MAR system. In this scheme, a total of
12.4 km dry riverbed was designed to be converted into nine terraced
infiltration ponds with different lengths elevated from south to north
(Zhou et al., 2021). As is shown in Fig. 2(c), the total recharge area is
approximately 3.03 km2. The layout of the full-scale MAR scheme is
shown in Fig. 2(d). The source water is designed to flow into the MAR
infiltration ponds from the inlet at the upstream infiltration pond (pond
9). The artificial recharge is planned from April to November each year
with a 14 m®/s inflow rate of the source water. The maintenance of the
infiltration ponds will be done during the non-recharge period. In total,
1.121 million m® of water can be recharged daily to the unconfined
aquifer beneath the MAR site. The estimated annual recharge capacity is
about 290 million m®.

For the simulation of this full-scale MAR operation, the terraced
infiltration ponds were conceptualized into nine polygons. The bottom
elevation of the pond and the conductance of the pond bottom were
assigned to each polygon. The water depth in each pond was set as 0.4
m, which was derived from the designed inflow rate of the source water.
The properties of these nine infiltration ponds are specified in Table 1.
To simulate the long-term effect of the full-scale MAR operation, the
simulation period was set from the year 2020 to 2050 with the monthly
stress period. Other sources and sinks were kept the same as the current
situation.

f MAR =

Journal of Hydrology 613 (2022) 128392

Table 1
The designed dimension of infiltration ponds for the long-term MAR operation.
Pond Width Length Pond Head stage of Hydraulic
number (m) (m) bottom the infiltration conductance
elevation pond during the (m?/d)
(m) recharge period
(m)
Pond 1 350 3400 31 31.4 360 for all
Pond 2 250 2900 32 32.4 ponds
Pond 3 270 1700 34 34.4
Pond 4 260 1100 35 35.4
Pond 5 250 690 37 37.4
Pond 6 260 1200 39 39.4
Pond 7 200 530 41 41.4
Pond 8 215 620 42 42.4
Pond 9 170 300 44 44.4

2.5. Tracking the movement of infiltrated water with hypothetical tracer
using transport model

The groundwater flow models of the MAR simulation can help to
analyse and predict the recovery of the groundwater head and storage.
The mixing process of the MAR infiltrated water with the native
groundwater needs to be simulated by a solute transport model (Ganot
etal., 2018; Lautz and Siegel, 2006; Ronayne et al., 2017). In this study,
we are interested to track water particles from the infiltration pond to
arrival at pumping wells in the No.8 Well Field. So, the hypothetical
tracer representing water particles was simulated only with advective
transport using M3TDMS (Zheng and Wang, 1999). Because of the stable
and continuous groundwater abstraction of the NO.8 Well Field, the
infiltrated MAR water will partially be captured by the abstraction wells
used for the urban water supply and partially stored in the aquifer as
storage. The groundwater abstracted from the No.8 Well Field (Qaps) is
the summation of the groundwater from two sources: a) natural
groundwater (Qnatural) and b) MAR infiltration (Qmagr). A hypothetical
tracer was created to simulate the transport of the infiltrated water by
the MT3DMS program. The tracer concentration in the MAR infiltration
ponds (Cyar) was set as 100 mg/L. Only advective transport with MOC
method was considered in this case which means the tracer is conser-
vative and only moves with groundwater flow. The concentration of the
natural groundwater (Cparyra) Was defined as 0 mg/L. Thus, the con-
centration of the tracer at the No.8 Well Field (Caps) can be computed by
the solute transport model. The water balance and mass balance equa-
tions of the tracer can be written as follows:

Onatural + Oriar = Qubs (€]

Coaturat X Onaturat + Cyar X Oriar = Caps X Qabs 2)

By dividing both equations with the well yield Qgps, applying Cpatural
= 0 mg/L and Cyjag = 100 mg/L into the equation (3). The fractions of
the MAR infiltrated water to the well (fyiar) can be derived as Eq. (4):

Ohnaturaal Omar
L+ Coaar X = Caps 3)

abs abs

Cnmurml X

_ Onatural
QMA R _ Cah.\' Crmmm[ X Qubs _ Cab.\-
Qabs CMAR 100

Thus, the tracer concentration at the well field is equivalent to a
mixing percentage of the MAR water with the natural groundwater.
With this solute transport model, the mixing process was traced, and the
movement of the MAR water was tracked. In addition, the contribution
of the MAR water to the groundwater abstraction at the No.8 Well Field
was quantified by checking the mass balance of the solute transport
simulation result.

4
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3. Results
3.1. Transient model calibration

The transient regional groundwater flow model was calibrated by
minimizing the residuals of the computed and observed groundwater
head by trial and error. Detailed model calibration information can be
found in Supplementary Material A. The time-series of the computed
and observed groundwater head in three wells in three typical locations
are plotted in Fig. 3. These fitting curves show that the computed heads
mimic long-term variations of the observed heads. Groundwater levels
in these 3 observation wells show a similar pattern of changes: a long-
term trend of decrease and reversal of the decline in recent years.
Observation well HO1 is located in the shallow aquifer in the eastern
plain area (Fig. 3(a)). The groundwater level in this well dropped about
7 m from 1995 to 2016. Seasonal periodic fluctuations indicate
groundwater recharge in raining seasons. The groundwater level in
observation well HO2 located near the Beijing urban area shows a larger
decrease of about 12 m until 2000. There are several drinking water
plants surrounding the urban area mainly supplied by groundwater
abstraction. The rapid decrease of groundwater levels occurred in
observation well HO3 located in the Chaobai River catchment. The
groundwater level dropped more than 40 m from 1995 to 2014. This
large decline in groundwater levels was caused by intensive ground-
water abstraction by the No.8 Well Field and Huairou Emergency Well
Field. The annual abstraction during the continuous drought from 1999
to 2010 was more than 200 million m® in the No.8 Well Field. To cope
with the groundwater shortage, Huairou Emergency Well Field was
installed in 2003, which provided over 240 million m® of water every
year during the drought period. In this period, an estimated 1.28 billion
m® per year of groundwater was abstracted by these two well fields. The
arrival of the “south water” from the South to North Water Diversion
Project by the end of 2014 has reversed the trend of decrease. Since
2015, the Huairou Emergency Well Field has stopped operation, and the
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annual groundwater abstraction in the No.8 Well Field has been reduced
to approximately 60 % compared to the drought period. Combined with
the artificial groundwater recharge in the Chaobai river channel, the
groundwater level has recovered in recent years.

3.2. The overexploitation of groundwater resources in Beijing Plain

In general, due to the frequent drought and intensive groundwater
abstraction, the groundwater level has decreased from 1995 until 2015
in most of the area. Fig. 4(a)-(c) shows the simulated groundwater head
distribution in the shallow aquifer. A cone of depression gradually
developed at the No.8 Well Field near the proposed MAR site in the last
20 years. The maximum drawdown reached 50 m near the No.8 Well
Field in 2014. After the pilot MAR operation at the Chaobai MAR site,
the cone of depression was reduced in 2018.

The simulated groundwater head distribution in a deeper aquifer
(the third aquifer from the top) is shown in Fig. 4(d)-(f). the cone of
depression in the deep confined aquifer was caused by the over-
exploitation for industrial water supply. Since the leakage of ground-
water in the shallow aquifer to the confined aquifer takes time,
groundwater levels in the confined aquifer are still decreasing. The
short-term MAR operation has not yet contributed to restoring the
storage depletion in deeper aquifers. It will take a longer operation time
before the MAR water reaches deeper aquifers.

Fig. 5 shows changes of major groundwater balance components and
the cumulative groundwater storage change of the Beijing Plain. The
majority of groundwater recharge comes from precipitation infiltration
and inflow from mountainous areas which varies depending on rainfall
amounts. Groundwater abstraction dominates groundwater discharge.
Two major events had marked impacts on groundwater resources in the
Beijing Plain. The consecutive drought from 1999 to 2010 reduced
natural groundwater recharge and emergency groundwater abstraction
to cope with the drought increased total groundwater abstraction. These
combined effects accelerated groundwater storage depletion since 1999

Dachang

Langfang

0 10 20 km

(d)

Fig. 3. Computed and observed groundwater head time series in Tongzhou District (a), Beijing urban area (b), and Chaobai River catchment (c). (d) Shows the

locations of the three wells.
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shown in Fig. 5. The cumulative storage depletion reached 12 billion m®

in 2014. The arrival of south water to Beijing stopped further depletion
of groundwater storage with the reduction of groundwater abstraction
since 2015. However, without increasing groundwater recharge to
replenish the aquifer, it would be difficult to recover the depleted
groundwater storage in Beijing Plain. Water balance for all flow com-
ponents is listed in supplementary.

3.3. Effects of the pilot MAR operation in Chaobai River

The pilot MAR operation was simulated by the local and site
groundwater flow model from 2015-2018. Fig. 6(a)-(c) show the
computed and observed groundwater head of three observation wells
near the Chaobai MAR site. The locations of these three wells are shown
in Fig. 6(d). The computed heads show good consistency with the
observed groundwater heads. The average residuals of the computed

and observed values of these three wells are —1.1 m, —0.36 m and
—1.01 m. The groundwater head recovery process after the MAR
implementation has been well captured by the local groundwater flow
model. The groundwater level in the shallow aquifer responded quickly
to the pilot MAR recharge. During the artificial recharge period, the
groundwater level rises up significantly in the observation wells in the
vicinity. After the end of each recharge period, the groundwater head
was lowered due to the groundwater abstraction at the No.8 Well Field,
but shows an increasing trend in general.

The decrease in the groundwater level in the Chaobai River catch-
ment has been reversed and the groundwater storage has recovered
since 2015. Both the reduction of the groundwater abstraction and the
pilot MAR operation had contributions to the groundwater level in-
crease in the Chaobai River area. The most significant increase in the
groundwater level occurred near the Huairou Emergency Well Field. The
head increase surrounding the MAR site has reached 10 m in these three
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years. The groundwater head near the MAR site increased significantly computed with the Zonebudget program (ZONBUD) (Harbaugh, 1990)

and formed a groundwater mound near the area under the infiltration to analyse the monthly storage change (Fig. 7(a)) and cumulative stor-
pond. age change (Fig. 7(b)). Because of the intensive groundwater exploita-
The subregional water budget of the Chaobai River catchment was tion in the Chaobai River catchment, the groundwater storage was
8.0x10”
—~ 6.0x10" T
5 4
< 4.0x10° T
£ 7]
o 2.0x10" T
g 4
E 0.0 :
b= 7
8 -2.0x10"
g 4
-4.0x10" T
60x107 By oy e e e e e e e e e e
h © I~ 0 & © 4 &N h & i © KN O h © < N m « th & K & &
D D (o)) D (o)) o o o o o o o o o o — — — — — — — — Py -
[} a )] [} [} o o o o o o o o o o o o o o o o o o o o
— — — — — N o N o o N o N o o N o N N o N o o o o
S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~
- - - - - i - o - ol - - ol i - - - - - i - - i - -
o o o o o o o o o o o o o o o o o o o o o o o o o
(a)
0.0 7=
4.0x10° T W ‘ | ‘ ‘ il ‘ | il
= \ | \‘ \
g -8.0x10° T i fifl it it il
e |
T L2x10° ‘ ‘ \ \ i
© -1.6x10° T I fffhfhfhthe
g ] i |
2 2.0x10° T ‘ I it
T 2.4x10° A ‘ '
a i | [
) o | |
£ -2.8x10° 1 ‘
-3.2x10° 1 ;
_3 leoe -I l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 I 1 1 1
: h © N ® & O W N o x N O KN X Hh O o N Mm & th b N O O
D D (2] fo) D o o o o o o o o o o — — — bl — el — — - —
(&} N D (<)) D o o o o o o o o o o o o o o o o o o o o
— = — = = o o N o N N o N N o N N o N o N o o N o
S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~
— — — — — b — ) — ) i — bl - - — - - — - — - - bl -
o o o o o o o o o o o o o o o o o o o o o o o o o
(b)

Fig. 7. Groundwater storage change in Chaobai River Catchment. (a) Monthly groundwater storage change (b) Cumulative groundwater storage change
over 1995-2018.
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depleted most of the time. The aquifer was only replenished during the
rainy season. During the drought from 1999 to 2010, the aquifer storage
barely recovered during the wet season. The cumulative groundwater
storage depletion in the Chaobai River catchment reached more than 3
billion m® (Fig. 7(b)). After 2015, the aquifer received more artificial
recharge with the MAR infiltration. The total recharge exceeded the
total discharge, so that the groundwater storage depletion was reversed
in the Chaobai River catchment.

3.4. Effectiveness of the full-scale MAR operation in the Chaobai River

The simulation of the full-scale MAR operation in the Chaobai River
shows that with the nine terraced infiltration ponds, the groundwater
level in the Chaobai River catchment can be notably recovered. Fig. 8
shows the predicted groundwater level change at the same 3 observation
wells (well locations shown in Fig. 6(d)) near the MAR site and the
predicted groundwater level distribution in the Chaobai River Catch-
ment by the year 2050. After a 15-year operation of the full-scale MAR,
the groundwater system will approach a new equilibrium state and the
groundwater level will be nearly stable over the year. The minor vari-
ations in each year are caused by the seasonal change of the recharge
and the suspension of the MAR operation during the winter months.
Generally, the groundwater level would increase by 10 m to 20 m near
the MAR site, which is very close to the ground surface. With this
magnitude of groundwater level increase, the depleted aquifer will be
replenished and the surface water in the infiltration ponds will have
direct hydraulic connection with the groundwater. Fig. 8(d) is the pre-
dicted contour map of the Beijing Plain in the year 2050. Compared with
the current situation, the large cone of depression in Chaobai River
catchment will be recovered. The groundwater flow direction in the
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north part of the plain will return to the natural condition of an alluvial
fan.

The predicted storage change of the Chaobai River catchment is
shown in Fig. 9. In the first seven-year operation, a high MAR infiltration
rate and large groundwater storage recovery can be obtained. The total
MAR infiltration can reach up to 270 million m® per year while the
groundwater abstraction in the No.8 Well Field remains at approxi-
mately 127 million m® per year. The average annual storage recovery in
the first seven-year operation will be about 180 million m®/year. With
an increase in groundwater storage in the area, the groundwater
depletion will be reversed, and the cone of depression will be recovered.
With this large-scale artificial groundwater recharge, the groundwater
discharge to the downstream will increase to 40 million m®/year in
2027. However, the storage recovery will slow down sharply afterwards
because the MAR infiltration rate decreases with the increase of
groundwater levels after 2027. By the year 2040, the annual MAR
infiltration rate will be maintained at around 140 million m®/year, and
the discharge to the downstream area will be around 27 million m®
every year. The system will reach a new equilibrium state in 2050 with
the planned full-scale MAR operation.

4. Discussion

Numerical modelling of the groundwater availability is a useful tool
for the groundwater management. It has been proved that fragmented
and piecemeal arrangements are inadequate to meet the water challenge
under the future change in climate and the human activities (Sopho-
cleous, 2010). An integrated groundwater model that is continually
updated and refined with new data and new groundwater-related pro-
jects are very important for the decision maker to evaluate the proposed
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Fig. 8. Predictions of the groundwater head change in the three observation wells near the MAR site in the year 2020-2050 and the computed groundwater contour

map of the Beijing Plain in 2050.
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groundwater management strategies, and formulate future policy to-
wards the sustainable groundwater development (Gleeson et al., 2010;
Sophocleous, 2010). In Beijing, modelling studies about the MAR
implementation are mostly constructed on local scale for the demand of
each specific project. For example, the groundwater modelling study for
MAR in the Yongding River catchment included a model area of 888 km?
and defined the western boundary as no flow boundary and the eastern
boundary as the general head boundary (Ji et al., 2021). Flow and
transport models were constructed in downstream Chaobai river in a
255 km? area to evaluate the impact of infiltrating reclaimed water into
the riverbed. Constant head and general head boundary were applied
(Jiang et al., 2022). These assumptions on boundary conditions may be
adequate for the short-term simulation. However, groundwater flow
dynamics could change dramatically in the region that is highly
urbanised and with intensive human activities like Beijing Plain. The
assumptions on the boundary conditions on the local model would lead
to inaccurate long-term prediction results.

The multi-scale groundwater flow model in Beijing Plain we present
in this study can overcome the deficiencies of previous model studies.
The simulation of the local-scale MAR project will not be restricted by
the boundary of the local model but interlinked with the regional
groundwater flow model. Moreover, combining with the solute trans-
port model, more insight can be obtained. However, the accuracy of the
tracer transport simulation can be improved with a finer grid. We
compared the simulation result from a finer grid model with a coarser
grid model. It turns out that increasing grid resolution can delineate
tracer distribution more accurately. Thus, a multi-scale model is an
optimal choice to balance the computational time and the required ac-
curacy of the solute transport simulation. More detailed discussion can
be found in Supplementary Materials C.

4.1. The mixing of the infiltrated water with the native groundwater
during the pilot MAR test

Fig. 10 shows the development of the mixing zone of the MAR water
in different years represented by the concentration distribution. At the
beginning of the MAR operation in 2015, the infiltrated water started to
enter the aquifer shortly but only stayed beneath the infiltration ponds.
With the formation of groundwater mound under the infiltration ponds,
the infiltrated water was transported into the aquifer in all directions. A
large portion of the MAR recharged water was captured by groundwater
abstraction at the No.8 Well Field, which prevented the MAR water to
move further to the east of the MAR site. After the 3-year artificial
recharge, the mixing zone of MAR water reached 3.2 km? with 500 m to
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700 m extent to each direction of the MAR site.

The contributions of the MAR infiltrated water to some abstraction
wells are presented as breakthrough curves in Fig. 11. The arrival time
and fraction of MAR water in the well depend on the location and dis-
tance of wells from the MAR site. The abstracted groundwater in Well 01
is 100 % MAR infiltrated water all the time since the beginning of the
MAR operation. In Well 03 and Well 05, MAR water has become the
dominant source during the recharge period. During the period without
the artificial recharge, the proportion of the MAR water to the wells was
reduced. In Well 07, only until the third year of the artificial recharge, a
high percentage of MAR water was detected. The MAR water was not
detected in other wells located the north of the infiltration pond further
than Well 07.

The mass balance of the solute transport model has also been ana-
lysed. The total cumulative mass entering the aquifer from the infiltra-
tion ponds and total mass captured by the abstraction wells are plotted
in Fig. 12. The ratio between these two mass volumes indicates the
percentage of the MAR water abstracted by the No.8 Well Field. The
graph shows at the beginning of the artificial recharge, the contribution
of MAR water in the total abstraction is very limited. After three years, in
total approximately 40 % of the infiltrated MAR water was abstracted by
the No.8 Well Field and directly served for the domestic water supply of
Beijing City. The other 60 % of the infiltrated water stayed in the aquifer
contributing to the groundwater level recovery and storage restoration.

4.2. The long-term effect of the full-scale MAR operation on the Chaobai
River catchment

The mixing process of the full-scale MAR operation has also been
analysed to predict the future trend (Fig. 13). Generally, with the
designed MAR scheme, the mixing zone of the MAR water and the native
groundwater will keep increasing in the next 30 years. The area of the
mixing zone will be developed from 27.64 km? in 2025 to 57.03 km? in
2035. However, after 2035, the development of the mixing zone be-
comes slower. The area of the mixing zone will be 61.86 km?, 63.96 km?
and 65.12 km? in the years 2040, 2045, and 2050, respectively. The
shape of the mixing zone develops evenly in the west, north and south of
the MAR site. The mixing zone has a limited extent in the east due to the
continuous abstraction by the No.8 Well Field. The mixing zone can
serve as the protection zone of the MAR site, which is also one of the key
elements of the MAR project design. With the full-scale MAR operation,
shallow groundwater levels will occur in the vicinity of the MAR site,
which might cause the hazard of groundwater contamination and
threatens the safety of the urban water supply. Thus, the solid waste
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Fig. 12. The contribution of the MAR infiltrated water to the abstraction of the NO.8 Well Field during the pilot MAR project.

disposal sites in the mixing zone should be surveyed and evaluated
before the full-scale implementation to avoid the risk of pollution.

The mass balance from the MT3DMS model (Fig. 14(a)) shows that at
the beginning of the full-scale MAR operation, only 14.3 % of the
infiltrated MAR water was captured by the pumping wells in the No.8
Well Field. With the spreading of the MAR water in the aquifer, more
MAR water will be intercepted by the No.8 Well Field. Based on the
cumulative mass balance result, by the year 2050, 58 % of the infiltrated
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water will be abstracted for the urban water supply. 42 % of the infil-
trated water will stay in the aquifer formed as groundwater storage. In
this 30-year operation of the system, among the 6.2 billion m® of water
being infiltrated into the aquifer, 3.6 billion m® will be abstracted for the
urban water supply, which accounts for 91 % of the total groundwater
abstraction at the No.8 Well Field. Thus, the water from the MAR project
will be the major source for groundwater abstraction in the No.8 Well
Field.
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Fig. 13. Spreading of infiltrated water and the mixing percentage of MAR water with native groundwater after the long-term full-scale MAR operation in 2025-2050.

The predicted total groundwater budget of the Chaobai River
catchment is summarised in Fig. 14(b). In the early stages, due to the
high infiltration from the MAR implementation, the total groundwater
inflow in the Chaobai area will be up to 530 million m® in 2020 and
gradually lower to 350 million m® in 2035. With the groundwater level
increase in the vicinity, the total outflow of the area will only slightly
increase from 285 million m® to 333 million m® due to the larger
discharge to the downstream aquifer. Thus, with the current ground-
water management strategy, the groundwater storage will be accumu-
lated rapidly at first and gently level off until asymptotic to the new
equilibrium stage. The groundwater depletion caused by the over-
exploitation from the last decades will be gradually compensated. Up
to 2050, the cumulative storage increase in the Chaobai area will reach
2.2 billion m®. It is convinced that the sustainable groundwater devel-
opment of the Chaobai River region is achievable with the combination
of the MAR implementation and groundwater management plan. How-
ever, the impact of the future climate change on the groundwater sus-
tainability of the region still needs to be considered.

4.3. The decrease of infiltration rate of long-term operation of the full-
scale MAR scheme.

In the current situation, the groundwater level is approximately 30 m
lower than the bottom elevation of the infiltration ponds and the surface
water is hydraulically disconnected with the groundwater. The aquifer
will be recharged with the maximum infiltration rate. However, with the
increase of the groundwater level above the infiltration pond bottom,
the groundwater and surface water will be hydraulically connected, and
the infiltration rate will gradually decrease. By running the long-term
full-scale MAR simulation, the infiltration rate of each pond can be
predicted. Fig. 15 shows the change in the infiltration rate with time for
each infiltration pond. At the early stage of the full-scale MAR operation,
all infiltration ponds can be operated with the maximum infiltration rate

13

because the groundwater levels are below the bottom of the ponds.
However, with the current groundwater abstraction rate and the
designed MAR recharge plan, the decrease of the infiltration rate will
start in 2027 when the groundwater level in the south becomes higher
than the bottom elevation of the infiltration ponds. Ponds 7, 8 and 9 in
the north part of the MAR site will maintain a high infiltration rate
because groundwater levels remain below the pond bottom in those
areas. Among the nine infiltration ponds, the largest decrease in the
infiltration rate occurs in the fourth pond, which is the pond where the
predicted groundwater head reaches the pond bottom earliest. The
infiltration rate of other ponds in the south (ponds 1, 2 and 3) will also
drop to some extent. However, because of the existence of the No.8 Well
Field, the infiltrated water will be abstracted for urban water supply.
This groundwater abstraction forces extra infiltration capacity for ponds
1, 2 and 3 so that the long-term infiltration rate of these ponds can be
still maintained between 0.2 m/d to 0.3 m/d by the year 2050. These
results show that in the early stage of the MAR operation, the most
important factor to obtain high infiltration capacity is the volume of the
underground space. However, to design a sustainable long-term MAR
scheme, it is vital to optimize the infiltration rate to ensure the infil-
trated water can spread to the aquifer to a large extent as groundwater
storage or can be directly abstracted for water supply. In the recent
decade, reducing groundwater abstraction in the No.8 Well Field has
been advocated and implemented. However, the reduction of the
groundwater abstraction will also limit the infiltration capacity of the
MAR system. For a mega-city like Beijing, increasing water demand is
inevitable in the future. The implementation of the MAR and the
groundwater exploitation are complementary. On the one hand, the
MAR provides a secure water source for the groundwater abstraction. On
the other hand, a moderate level of groundwater exploitation in the area
can stimulate the potential of the MAR infiltration capacity.
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5. Conclusions

The transient simulation of the regional groundwater flow from 1995
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Fig. 15. Infiltration rate of each infiltration pond from 2020 to 2050.

to 2018 revealed large changes in groundwater level and storage in the
Beijing Plain. The severe groundwater depletion was exacerbated by the

14

consecutive drought from 1999 to 2010 during which natural
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groundwater recharge was reduced while groundwater abstraction was
intensified. The South to North Water Diversion project was imple-
mented and the south water from the Yangtze River arrived in Beijing in
2014 to substitute equivalent groundwater abstractions. Since 2015, the
trend of groundwater level decline was reduced in the shallow aquifer.

The excess of the south water was also used for artificial groundwater
recharge in the Chaobai River channel starting in 2015. The coupled
multi-scale model simulation shows that the pilot MAR system has
recharged approximately 130 million m® of water during 2015-2018. A
water table mound was formed beneath the MAR site with a maximum
recovery of groundwater levels of more than 10 m. About 40 % of the
infiltrated water was captured by pumping wells in the No. 8 well field
which contributes directly to the water supply in Beijing.

The effects of the long-term operation of the full-scale MAR were
simulated with the coupled multi-scale flow and transport models from
2020 to 2050. The simulation results show that the designed MAR
scheme with 9 cascade terraced infiltration ponds in the Chaobai River
catchment is very effective in restoring the depleted aquifer storage and
maintaining the groundwater abstraction in the No.8 well field. After
about 15 years of operation, the cone of the depression and groundwater
levels will stabilize as the aquifer system approaches a new equilibrium
state. By the year 2050, about 91 % of the total abstraction in the No. 8
well field will come from the infiltrated water. Sustainable groundwater
resources development can be achieved in the Chaobai River catchment.

The model results also show that with the increasing groundwater
level beneath the infiltration ponds, the infiltration rate of several
infiltration ponds will decrease. To maintain a high infiltration rate,
groundwater levels beneath the ponds should be kept below the bottom
of the ponds. Therefore, groundwater abstractions in the No. 8 well field
should be continued with the current capacity. Other environmental
problems associated with the rising water table should be investigated
which is beyond the scope of this research.

This integrated modelling approach with coupled regional and locale
flow and transport processes is an effective tool for designing and
assessing MAR schemes. The developed model in this study will be
applied to the assess effects of river leakage as a managed aquifer
recharge method in the Yongding River in the Beijing Plain. The model
approach adopted in this study can also be applied to the design and
assessment of MAR projects in the world.
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