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Abstract: The North China Plain is one of the main grain producing areas in China. However, over-
exploitation has long been unsustainable since the water supply is mainly from groundwater. Since 2014,
the South-to-North Water Diversion Project’s central route has been charted to the integrated management
of water supply and over-exploitation, which has alleviated the problem to a certain extent. Although the
Ministry of Water Resources has made many efforts on groundwater recharge since 2018 most of which
have been successful, the recharge has not yet been sufficiently focused on the repair of shallow
groundwater depression zones. It still needs further optimization. This paper discusses this particular issue,
proposes optimized recharge plan and provides the following recommendations: (1) Seven priority target
areas are selected for groundwater recharge in alluvial and proluvial fans in the piedmont plain, and the
storage capacity is estimated to be 181.00x10° m’; (2) A recharge of 31.18x10° m*/a is required by 2035 to
achieve the repair target; (3) It is proposed to increase the recharge of Hutuo River, Dasha River and
Tanghe River to 19.00x10° m*/a and to rehabilitate Gaoliqing-Ningbailong Depression Zone; increase the
recharge of Fuyang River, Zhanghe River and Anyang River to 7.05x10° m’/a and rehabilitate Handan
Feixiang-Guangping Depression Zone; increase the recharge of Luanhe River by 0.56x10° m’/a and restore
Tanghai Depression Zone and Luanan-Leting Depression Zone; moderately reduce the amount of water
recharged to North Canal and Yongding River to prevent excessive rebound of groundwater; (4) Rech-
arge through well is implemented on a pilot basis in areas of severe urban ground subsidence and coastal
saltwater intrusion; (5) An early warning mechanism for groundwater quality risks in recharge areas is estab-
lished to ensure the safety. The numerical groundwater flow model also proves reasonable groundwater
level restoration in the depression zones by 2035.

Keywords: North China Plain; Groundwater recharge; Groundwater depression zone; Recharge target
areas; Storage capacity; Recharge source; Recharge effectiveness
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centre of China and the main grain-producing
region, yet the conflict between supply and de-
mand of water is getting serious. Since the 1980s,
with rapid economic and social development, gro-
undwater exploitation has increased dramatically,

Introduction

The North China Plain is the political and cultural
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leading to over-extraction. As a result, with the
groundwater level drop in the Plain (Shi et al.
2014; Yang et al. 2021), massive depression zones
expanded to 4.19x10* km® in 2020 and caused a
series of secondary geological problems such as
ground subsidence and seawater intrusion (Zhu et
al. 2014; Tian et al. 2021).

Since the 1960s, groundwater recharge studies
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have been carried out in developed countries, such
as the international symposium on subsurface waste-
water management and managed aquifer recharge
in New Orleans in 1973, and the 1¥ International
Symposium on Management of Aquifer Recharge
in Anaheim, California in 1988 after the Interna-
tional Association of Hydrogeologists set up the
Technical Committee on Managed Aquifer Rech-
arge. Managed recharge is defined as artificial re-
charge to aquifer, rather than that in a natural way
(Dillon, 2004), and is mainly used to restore ground-
water level, improve water quality, stop saltwater
intrusion, and etc (Bouwer, 2002). In addition, the
groundwater mound formed by recharge acts as a
hydraulic barrier to prevent the dispersion of pollu-
tants (Auckenthaler et al. 2010; Hendricks et al.
2011; Moeck et al. 2016). Studies have shown that
groundwater recharge is determined by the
infiltration capacity of unsaturated zone, water
demand, availability, and quality threats (Sarfaraz
et al. 2021). Ground infiltration is a wise choice in
plain and basin that are highly permeable and
water can easily infiltrate to recharge the phreatic
aquifer (Ghayoumian et al. 2005). In the field of
water resources planning and management, man-
aged recharge also provides a significant solution
to alleviate water shortage in arid and semi-arid
regions (Azizur et al. 2012) and is increasingly
valued worldwide (Bouwer, 2002; Dillon, 2004;
Sprenger et al. 2017).

In the 1960s, China first conducted the experi-
mental research of artificial groundwater recharge
in Beijing to adjust and store surface water, which
was later successfully carried out in Shijiazhuang,
Xinxiang and Liaocheng (Li et al. 2008). Scholars
have explored and studied the use of water sources
in the middle route of the South to North Water
Diversion Project to replace groundwater extra-
ction, which has certain potential for repairing the
groundwater level depression funnel in Shi-
jiazhuang (Zhang et al. 2007). The 8th Inter-
national Symposium for Managed Aquifer Re-
charge (ISAR) was held in Beijing in 2013,
representing that groundwater recharge manage-
ment started to gain attention at the national level.
The Ministry of Water Resources and Hebei Pro-
vince issued Pilot Programme for the Integrated
Management of Groundwater Recharge in Rivers
and Lakes for over-exploitation in North China in
August 2018, aiming to stop the rapid decline in
groundwater levels in the Plain and to solve geolo-
gical problems associated with depression zones.
The programme selected three typical rivers-Hutuo
River, Fuyang River and South Juma River to pilot
ground infiltration. By 2020, artificial groundwater
recharge was extended to cover 15 rivers and 7
lakes in the region.

134

1 Study area

The North China Plain, with Taihang Mountains to
the west, Yan Mountains to the north, Bohai Sea to
the east and Yellow River to the south, incorpo-
rates all of the plains of Beijing, Tianjin and Hebei
and those north of Yellow River in northern Henan
and northern Shandong, covering an area of about
13.90x10* km® (Fig. 1) (Li et al. 2020; Zhang et al.
2011). The plain slopes down towards Bohai Bay
from the west, north and south-west. The area falls
in a continental semi-arid and semi-humid mon-
soon climate zone with the surface water system
composed by Luanhe River in the north, Haihe
River in the south, Tuhai River and Majia River.

The unsaturated zone in the Plain is dominated
by the source area of Taihang-Yan Mountains. The
unsaturated zone in the piedmont plain, constituted
by alluvial and proluvial sediments such as gravel
and medium-coarse sand with a thickness of 20—-40
m, has high infiltration rate and storage, making it
a favorable site for recharge. The unsaturated zone
in the central-eastern plain consists of alluvial and
lacustrine deposits such as medium-fine sand, silty
clay, and clay, decreasing in thickness from 10-20
m to 3—-5 m from west to east. The coastal plain is
composed of marine deposits of clay, clay-silty
sand and fine sand, and less than 3 m thick.

Groundwater in the North China Plain is fea-
tured by pore water in loose deposits and is divided
into four aquifer groups from top to bottom. Depth
to water table in Group 1 is generally less than 50
m with rapid groundwater circulation. Depth to
water level in Group II is 120-210 m, which, as
weakly-confined and semi-confined aquifer, is the
main target layer for agricultural water exploitation
in the piedmont plain. Depth to water level in
Group Il is 250-310 m as a confined aquifer with
slow circulation. It sustains the agricultural need of
the central-eastern plain. Depth to water level is
350-550 m in Group IV, which is only exploited in
some areas of the coastal plain concerning its much
slower circulation. The shallow groundwater of the
piedmont plain resides in Group [ and II, and in
Group I when it comes to the central-eastern plain
in the formation of saline water and saltwater. The
deep groundwater exists in Group Ill and IV in the
predmont plain and in Group II and I in the
central-eastern plain (Fig. 2) (Zhang et al. 2009).
Ground infiltration is more suitable to recharge the
shallow groundwater, and deep groundwater is
normally recharged through wells.

2 Methodology

The study collects and analyses surface water moni-
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Journal of Groundwater Science and Engineering 11(2023) 133—145

Mountains

N

A

%Uﬂlalhs

N

% &\
angshan

Legend

I|—|I Stratigraphic profile

65.00
709.00 706.9

651.31  650.00 650.00

100 km

r
Dongguang county II;O

D1l D3 L2 '

E_"‘—_ T —

I ——— —120
1—240
5 =360
1—480
1—600

651.00 650.00

Legend z

. . _ 0 20 km
[ Shallow aquifer [l Deep aquifer [ ] Clay [7] Bedrock
[i-T] Ordinal number of stratum [-~| Deep groundwater level [ Shallow groundwater level

Fig. 2 Hydrogeological profile of the North China Plain (Zhang et al. 2009)

toring data of the recharge section provided by
water conservancy department. It uses the recharge
volume in 2020 as the benchmark for optimizing
recharge plan, and adopts the groundwater rech-
arge infiltration rate calculated by previous resea-
rchers as the hydrogeological parameter for ana-
lysis, to comprehensively illustrate the restoration
effect and quality improvement. The optimized
plan is proposed to repair the depression zones,
and the plan’s effect is also evaluated through the
numerical model in GMS.

http://gwse.iheg.org.cn

Groundwater level data are obtained from obser-
vation site 5752 which is designated in the Haihe
River Basin Hydrogeological Survey Project in
2020 and site 2243 in the National Groundwater
Monitoring Project. Firstly, the study presents the
groundwater flow field under current conditions
and maps depressions zones and its spatial distri-
bution. Secondly, it calculates the required rech-
arge amount on the basis of filling the groundwater
deficit by 2035 as proposed in the Action Plan for
the Management of Groundwater over-exploita-
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tion in North China, jointly issued by the Ministry
of Water Resources and other ministries. Thirdly,
it sets the target for groundwater level restoration
in depression zones at a level consistent with the
early 1980s when large-scale extraction in the
Plain had not yet caused regional geological prob-
lems. Ultimately, an optimized plan is formulated.
The porosity in the loose deposits is used to in-
crease recharge and improve efficiency or repair
geological problems caused by over exploitation.
That requires the aquifer medium be highly perme-
able to meet needs of water recharge, storage, tran-
sport and discharge (Lin, 1984). The pore space in
alluvial and proluvial fans of the predmont plain is
fully available to store the recharge water, laterally
supply to depression zones and increase ground-
water level to the designated target. The study com-
pares groundwater levels under current conditions
with those in the 1980s, calculates water level va-
riation using the GIS spatial analysis function, eva-
luates storage capacity in target areas and ground-
water deficits in the depression zones in conjunc-
tion with the hydrometric parameter zoning. The st-
orage capacity of target areas and groundwater defi-
cit in depressions zones are calculated as follows:

0, = ZF,-xuixAhix 102 (1)
i=1

Where: Q, represents the storage capacity of
target areas and groundwater deficit in depression
zones (10° m’);

F represents the area of the i-th calculated parti-
tion (target areas and depression zones);

u; represents the specific yield of the i-¢h calcu-
lated partition (target areas and depression zones);

Ah; represents the variation (m) in groundwater
levels between current and early 1980s of the i-th
calculated partition (target areas and depression
zones);

3 Recharge to rivers

3.1 Recharge effectiveness

Since 2014, the South-to-North Water Diversion
Project’s central route has been supplying water to
alleviate over-exploitation in the North China
Plain. In the next year, the project was joined by
reservoirs such as Huairou Reservoir and Miyun
Reservoir to utilize Chaobai River to carry out eco-
logical water recharge through ground infiltration
(He et al. 2019). From September 2018 to August
2019, the project launched a pilot project of river
ecological recharge in Hutuo River, South Juma
River and Fuyang River to replenish over 14.00x
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10° m’ of water to the rivers. The practice was then
extended to 15 rivers, including Chaobai River,
North Canal, Yongding River, North Juma River-
Baigou River, South Juma River, Tanghe River,
Shahe River-Zhulong River, Baohe River, Hutuo
River, Zhihe River, Qili River-Shunshui River, Fu-
yang River, Zhanghe River, Weihe River, South
Canal in 2020. The replenishment amount of seven
lakes—Baiyangdian, Qilihai Lake, Dahuangbaowa
Lake, Beidagang Lake, Hengshui Lake, Tuanbowa
Lake and Nandaigang Lake (Fig. 3)— increased to
44.20x10° m’ (Chen et al. 2021). Researchers have
conducted extensive research focusing on ground-
water level restoration, quality improvement and
remediation of geological problems after recharge.

(1) Groundwater level restoration

Researchers have evaluated river infiltration
rates by monitoring the dynamic changes in ground-
water levels after recharge and have come to the
following conclusions: (1) Infiltration rates of river
ecological recharge vary greatly due to differences
in the lithological structure of unsaturated zones,
which can exceed 40% in major rivers; (2) The gro-
undwater level rebounds to varying degrees after
recharge with a rate of 0.33—8.00 m/a on both sides
of the river, but there is a significant lag in its re-
bound.

Since 2015, the water diversion project has colla-
borated with reservoirs such as Huairou Reservoir
and Miyun Reservoir to implement ecological
water recharge in Chaobai River with supply gro-
wing from 0.34x10° m’ in 2015 to 2.93x10° m’ in
2018. The infiltration rate reached 85.00%—98.70%.
The groundwater level rose by an average of 6—8
m/a in December 2018 (He et al. 2019). From
September 2018 to August 2019, the project, in con-
junction with upstream reservoirs, rolled out a river
ecological recharge pilot project on Hutuo River,
South Juma River and Fuyang River, with the
highest infiltration rate of 80% in Hutuo, followed
by 57% in South Juma and the lowest 44% in
Fuyang (Wang et al. 2021). The average rise in
groundwater level within 10 km along rivers after
recharge was 0.33 m, with the maximum on both
sides of Hutuo River being 1.91 m (Wang et al.
2021; Yu and Qi, 2020). River infiltration rates
reached 41%—58% in different river sections in
2019 under the recharge rate of 40 m’/s in Yong-
ding River with a significant lag in water level
rebound after recharge (Hu et al. 2020). In the
following year, recharge was extended to 22 rivers
and lakes, with groundwater level rising by an
average of 1.47 m within 5 km on both sides of 11
rivers including the three typical rivers, affecting
an area of 1.62x10* km’, and the results were

http://gwse.iheg.org.cn
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successful (Yang et al. 2022).

(2) Water quality improvement

Studies on water quality changes after recharge
have shown that: Recharge is supported by dive-
rted water from the project’s central route, and con-
ducted through ground infiltration, from which the
dilution effect helped to improve groundwater qua-
lity and reduce total hardness and total dissolved
solids.

According to results based on the solute tran-
sport model, the regular indices of the Danjiang-
kou (reservoir) source area was lower than that of
Mihuaisun source area, indicating its dominant role
of dilution in the process of recharge and further
improving groundwater quality (Liu et al. 2015;
Zheng et al. 2012). Dissolution of calcite, dolo-
mite, potash feldspar, rock salt and CO, and Mg/Ca-
Na cation exchange reactions occurred in the gro-
undwater after recharge (Jia et al. 2016). Ground-
water quality monitoring data demonstrated that
when groundwater has been recharged through div-
erted water, all the processes of physical dilution,
filtration of unsaturated zones, cation exchange
adsorption and mineral precipitation have followed
afterwards. Therefore, the total hardness and total
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dissolved solids of groundwater in Chaobai River
recharge area decreased, and water quality impr-
oved (Xiao et al. 2017). Nitrification reaction led
to, firstly, an increase and then a decrease in am-
monia nitrogen concentration in the Mihuaisun
recharge area (Huo et al. 2020). Cation exchange
and adsorption caused a significant surge in
HCO,, Ca”, Mg”" and NO, concentrations in
Baiyangdian recharge area, enabling an evolution
of the hydrochemical type from Na-HCO,; to
Ca-Mg-HCO; (Cui et al. 2021). The study proved
that quality in 21% and 36% of monitoring wells in
Hutuo River and South Juma River improved after
recharge, with decreased chloride, TDS and total
hardness in Hutuo River (Wang et al. 2021; Tian et
al. 2021). The deterioration of quality found in 8%
of the monitoring wells in Fuyang River (Wang et
al. 2021) was presumed to be related to a localised
potential source of pollution in the riverbed unsa-
turated zone.

3.2 Problems

Since 2015, the ecological recharge of rivers and
lakes has been gradually extended to 22 rivers and
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lakes, and now covers the main rivers and lakes of
the North China Plain. Groundwater recharge, how-
ever, mainly targets refined river ecological rech-
arge and does not yet fully concentrate on repair
needs of depression zones. The spatial distribution
of recharge still needs further optimization. It is
recommended to scale up the recharge of upstream
alluvial and proluvial fans of main depression
zones and optimize the ecological recharge plan to
efficiently repair the depression and ensure the
security of regional water supply. After recharge,
groundwater monitoring for both water level and
quality should be more frequent. Risk assessment
also should be put into operation to ensure safety.

4 Preferred solution

4.1 Analysis of restoration targets and
suitability of target areas

(1) Repair of shallow groundwater depression
zones

In the mid-1970s’, prolonged droughts induced
widespread drilling of wells to ensure agricultural
production in North China Plain. After the 1980s,
along with rapid socio-economic development,
large-scale exploitation of groundwater in agricu-
Itural areas caused a continuous water level dec-
line, resulting in massive shallow groundwater de-
pression zones in predmont plains. Since 2014, as
the South-to-North Water Diversion Project’s
central route has been charted to the integrated man-
agement of water supply and over-exploitation,
water level in the main urban areas stopped dro-
pping and has rebounded in spite of continuous
decline in agricultural areas. According to observa-
tion data, by 2020, Gaoliqing-Ningbailong depres-
sion zone, Xiongxian-Bazhou depression zone, Han-
dan Feixiang-Guangping depression zone, Ping-
xiang-Quzhou depression zone, Langfang Sanhe
Depression Zone, Tanghai depression zone, and
Luannan-Leting depression zone, in the front edge
of alluvial and proluvial fans in predmont plains

reached a total area of 1.58x10* km’ (Table 1).
Among these, Gaoliging-Ningbailong depression
zone, covers 0.96x10* km®, which has been serio-
usly threatening the safety of water supply in the
agricultural area due to the water level depth of
103.19 m at the depression centre and the dewa-
tering of the local aquifer. It is therefore urgent to
repair these depression zones, optimize the rech-
arge plan, gradually restore the water level and
guarantee the supply security.

(2) Groundwater level restoration targets

The target is to restore the groundwater level of
depression zones to that in the 1980s (Fig. 4a). The
evaluation has shown that all the groundwater level
restoration targets in the depression zones are
above the elevation of Om, main areas of which
faces an accumulated water deficit exceeding 20%
10* m*/km’, with a total deficit of 317.25%10° m® in
the depression zones in the North China Plain
(Table 2). Among these, the target for Gaoliqing-
Ningbailong Depression Zone is 5-30 m in which
the cumulative deficit in the main area is more than
100x10* m’/km’, and more than 300x10* m’/km” in
the central section (Fig. 4b) with a total deficit of
227.99x10° m’. The target for Handan Feixiang-
Guangping depression zone is 42—60 m in which
the cumulative deficit in the main areas is more
than 100x10* m*/km’. Additionally, the deficit of
the western and southern sections exceeds 300x10*
m’/km’, and the whole area totals 46.55x10° m’.

(3) Priority target areas for recharge and regu-
lation space assessment

The evaluation of priority target areas for rech-
arge has some major considerations: (D Sufficient
water supply; @ High infiltration to ensure rech-
arge efficiency; (3 Great depth of groundwater
level to make sure ample space for storage; @ Loca-
ted in depression recharge zone so that the
groundwater can be recharged laterally to reinstate
its water level.

Based on those factors, seven priority recharge
target areas are selected: Luanhe River Alluvial-
proluvial fan, Chaobai-Jiyun River Alluvial-
proluvial fan, Yongding River Alluvial-proluvial

Table 1 Situation of shallow groundwater depression zones in the North China Plain in 2020

Depression zones Size/10* km® Depth of the zone centre/m
Gaoliging-Ningbailong depression zone 9 636.60 103.19

Xiongxian-Bazhou depression zone 1 989.14 62.82

Handan Feixiang-Guangping depression zone 2 035.54 79.75

Pingxiang-Quzhou depression zone 356.82 53.52

Langfang Sanhe depression zone 873.63 38.51

Tanghai depression zone 823.12 30.49

Luannan-Leting depression zone 149.28 14.21

138 http://gwse.iheg.org.cn
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Table 2 Deficit in shallow groundwater depression zones

Depression zones

Groundwater level in 2020/m  Restoration targets/m Deficit/10° m’

Gaoliging-Ningbailong depression zone —55—10
Xiongxian-Bazhou depression zone -30—5
Handan Feixiang-Guangping depression zone -30-20
Pingxiang-Quzhou depression zone -15-0
Langfang Sanhe depression zone -10-0
Tanghai depression zone -10——25
Luannan-Leting depression zone -10—5

Total

5-30 227.99
1-10 19.52
42-60 46.55
25-30 9.45
4-25 7.84
04 4.93
0-2 0.97
317.25

fan, Juma River Alluvial-proluvial fan, Hutuo-
Dasha River Alluvial-proluvial fan, Fuyang Ri-
ver Alluvial-proluvial fan, Zhanghe River Alluvial-
proluvial fan (Fig. 5). Target areas are all close to
recharge sources such as the South-to-North Water
Diversion Project’ s central route and Shangian
Reservoir. The specific location of the target area
allows for lateral recharge to the depression zone
to be driven by groundwater gradient after raising
the shallow groundwater level in alluvial and
proluvial fans. The unsaturated zones in alluvial
and proluvial fan consists of coarse granular mat-
erial such as gravel and medium-coarse sand, wh-
ich endows high infiltration. The depth to ground-
water level of 6-57 m and the ample space for
storage make those target areas ideal for shallow
groundwater recharge. The storage capacity is

http://gwse.iheg.org.cn

calculated to be 181.00x10° m’, taking the ground-
water level in the early 1980s as the standard for
the calculation (Table 3).

Target areas of Luanhe River Alluvial-proluvial
Fan are set up to restore the water level of Tanghai
depression zone, and Luannan-Leting depression
zone, in Chaobai-Jiyun River Alluvial-proluvial
fan to restore Langfang Sanhe depression zone, in
Yongding River Alluvial-proluvial fan and Juma
River Alluvial-proluvial fan to restore Xiongxian-
Bazhou depression zone, in Hutuo-Dasha River
Alluvial-proluvial fan to restore Gaoliqing-Ning-
bailong depression zone, in Fuyang River Alluvial-
proluvial fan to restore Pingxiang-Quzhou depres-
sion zone, and in Zhanghe River Alluvial-proluvial
fan to restore Handan Feixiang-Guangping depre-
ssion zone.
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1. Luanhe river alluvial—proluvial fan 1. Gaoliging—ningbailong depression zone
2. Chaobai—jiyun river alluvial—proluvial fan 2. Xiongxian—bazhou depression zone

3. Yongding river alluvial—proluvial fan 3. Feixiang—guangping depression zone

4. Juma river alluvial—proluvial fan 4. Pingxiang—quzhou depression zone

5. Hutuo—dasha river alluvial—proluvial fan 5. Sanhe depression zone

6. Fuyang river alluvial—proluvial fan 6. Tanghai depression zone

7. Zhanghe river alluvial—proluvial fan 7. Luannan—Laoting depression zone

Fig. 5 Distribution of priority recharge target areas in the North China Plain

Table 3 Regulation space for recharge priority target areas in the North China Plain

Recharge priority target areas Size/km’ Buried depth/m Regulation space/10° m’
Luanhe River Alluvial-proluvial fan 2 728.78 6-30 8.30

Chaobai-Jiyun River Alluvial-proluvial fan 2107.90 8-35 13.90

Yongding River Alluvial-proluvial fan 2 543.99 15-30 16.30

Juma River Alluvial-proluvial fan 927.36 12-28 7.90

Hutuo-Dasha River Alluvial-proluvial fan 6456.71 18-57 118.90

Fuyang River Alluvial-proluvial fan 923.51 841 4.80

Zhanghe River Alluvial-proluvial fan 1025.06 12-48 10.90

Total 16 713.31 181.00
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4.2 Analysis of recharge plan and effec-
tiveness

(1) Optimized plan

Seven target areas are selected, such as Luanhe
River Alluvial-proluvial Fan, Chaobai-Jiyun Ri-
ver Alluvial-proluvial Fan, Yongding River Allu-
vial-proluvial Fan, Juma River Alluvial-proluvial
Fan, Hutuo-Dasha River Alluvial-proluvial Fan,
Fuyang River Alluvial-proluvial Fan, Zhanghe
River Alluvial-proluvial Fan to repair depression
zones through recharge. The water supply is supp-
orted by the South-to-North Water Diversion Pro-
ject’ s central route in conjunction with Panjikou
Reservoir, Miyun Reservoir, Wangkuai Reservoir,
Huangbizhuang Reservoir, Zhuzhuang Reservoir,
Yuecheng Reservoir, and others. The recharge
water is diverted to Luanhe River, Chaobai River,
Yongding River, South Juma River, Hutuo River,
Dasha River, Tanghe River, Qili River-Shunshui
River, Zhanghe River, Anyang River. The
infiltration rate could refer to relevant studies.
With a total demand for recharge of 466.60x10° m’
and the target to fill the deficit in the shallow
groundwater depression zone by 2035, recharge
amount has to be 31.18x10° m’ annually.

After comparison between water demand requ-
ired by recharge and water recharged in 2020, the
optimized plan integrates factors of target areas
and water source and the target level restoration by
2035. It is based on on a previous plan in 2020. It

includes: (1) With the standard of 11.43x10° m’,
the amount of 7.57x10° m*/a needs to be recharged
to Hutuo River, Dasha River, Tanghe River to re-
pair Gaoliqing-Ningbailong depression zone; (2)
With the standard of 3.19x10° m® in Fuyang River
and Zhanghe River, the amount of 3.86x10° m’/a
needs to be recharged to the two rivers, together
with Anyang River, to repair Handan Feixiang-
Guangping depression zone; (3) The amount of
0.56x10° m’/a needs to be recharged to Luanhe
River to repair Tanghai depression zone and Luan-
nan-Leting depression zone; the recharge to North
Grand Canal and Yongding River can be mode-
rately decreased to prevent excessive water level
rebound which will threaten the safe use of urban
underground space in Beijing and pose the
potential risk of soil salinization (Table 4).
(2) Effectiveness

The water level restoration in shallow ground-
water depression zone is verified through num-
erical models by GMS software with the assump-
tion of 50% precipitation possibility and under cur-
rent exploitation conditions, and the recharge opti-
mized plan is incorporated into the model. Model
result shows that as groundwater recharge is car-
ried out, the water level in zones will rebound each
year and restore to the target level by 2035 (Fig.
6). The water level restoration can not only im-
prove the quality of groundwater resources and
geological environment, but also enhance the water
supply capacity in agriculture and food security.

Table 4 Optimized Plan for Groundwater Recharge in the North China Plain

To be
optimised
Recharge Depression Recharge Deficit Fecharg.e Repa'lr water Optimized plan—
target . Recharge source . s 3 infiltration requirements plan recharge
zone repair river /10° m s 3 s 3 .
areas rate /10° m /10°m’/a  volume in
2020
/10° m*/a
Luanhe Tanghai Luanhe River Source, Luanhe River 590  0.70 7.38 0.56 /
River depression Panjikou Reservoir,
alluvial-  Zone, Daheiting Reservoir,
proluvial  Luannan- Taolinkou Reservoir
fan Leting
depression
zone
Chaobai- Langfang Source of South-to- Chaobai 7.84  0.85 9.22 0.61 7.56
Jiyun Sanhe North Water River,
River depression  Diversion Project’s North Canal
alluvial-  zone Central Route, Miyun
proluvial Reservoir, Huairou
fan Reservoir
Yongding Xiongxian-  Source of South-to- Yongding 19.52  0.495 26.56 1.77 3.46
River Bazhou North Water River,
alluvial-  depression  Diversion Project’s North Juma
proluvial  zone Central Route, River-
fan Guanting Reservoir Baigou
River
http://gwse.iheg.org.cn 141
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Table 4 (continued)
To be
optimised
Recharge Depression Recharge Deficit Becharg.e Repa.lr water Optimized plan—
target . Recharge source . s 3 infiltration requirements plan recharge
zone repair river /10" m s 3 s 3 .
areas rate /10" m /10°m’/a  volume in
2020
/10° m*/a
Juma River Source of South-to- South Juma 0.57 11.18 0.75 0.88
alluvial- North Water River
proluvial Diversion Project’s
fan Central Route,
Angezhuang
Reservoir
Hutuo- Gaoliging-  Source of South-to- Hutuo River, 227.99 0.80 284.99 19.00 11.43
Dasha Ningbailon =~ North Water Dasha
River g Diversion Project’s River,
alluvial-  depression  Central Route, Tanghe
proluvial  zone Huangbizhuang River
fan Reservoir, Wangkuai
Reservoir, Xidayang
Reservoir
Fuyang Pingxiang-  Source of South-to- Qili River- 945 044 21.48 1.43 2.06
River Quzhou North Water Shunshui
alluvial-  depression  Diversion Project’s River
proluvial  zone Central Route,
fan Zhuzhuang Reservoir
Zhanghe Handan Source of South-to- Fuyang River, 46.55 0.44 105.80 7.05 3.19
River Feixiang- North Water Zhanghe
alluvial-  Guangping  Diversion Project’s River,
proluvial  depression  Central Route, Anyang
fan zone Yuecheng Reservoir,  River
Dongwushi Reservoir
Total 317.25 317.25 466.60 31.18
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Fig. 6 Predicted groundwater level recovery in the typical groundwater level depression zone (a) Gaoliging-

Ningbailong depression zone; (b) Feixiang-Guangping depression zone

5 Recommendation and conclusions

The Ministry of Water Resources has implemented
a series of artificial groundwater recharge projects
in the North China Plain and the results have been
successful. The recharge plan, however, has not yet
fully focused on repair of shallow groundwater
depression zone and still needs further optimi-
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zation.

The paper proposes an optimized plan and
recharge recommendations with the objective of
filling the deficit in depression zones by 2035. The
details are as follows:

(1) Highlight the repair demand and select 7
target areas of Luanhe River Alluvial-proluvial
Fan, Chaobai-Jiyun River Alluvial-proluvial Fan,

http://gwse.iheg.org.cn
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Yongding River Alluvial-proluvial Fan, Juma
River Alluvial-proluvial Fan, Hutuo-Dasha Ri-
ver Alluvial-proluvial Fan, Fuyang River Alluvial-
proluvial Fan, and Zhanghe River Alluvial-pro-
luvial Fan, with an estimated storage capacity of
181.00x10° m?;

(2) Set the target of water level restoration by
2035. The annual recharge volume is estimated to
be 31.18x10° m’ by evaluating the accumulative
groundwater deficit of 317.25x10° m’ and the
recharge demand of 466.60x10° m’ based on the
infiltration rate;

(3) By 2035, increase the recharge amount to
19.00x10* m’/a in Hutuo River, Dasha River,
Tanghe River to repair Gaoliqing-Ningbailong
Depression Zone; 7.05x10° m’/a in Fuyang River,
Zhanghe River and Anyang River to repair Handan
Feixiang-Guangping Depression Zone; 0.56x10°
m’/a in Luanhe River to repair Tanghai Depression
Zone and Luannan-Leting Depression Zone; mo-
derately decrease the recharge to North Canal and
Yongding River to prevent excessive water level
rebound;

(4) Pilot recharge project through wells in areas
of severe urban ground subsidence and coastal
seawater intrusion to prevent the risk of dete-
riorating geological problems due to continued
groundwater level decline;

(5) Groundwater quality monitoring strategy
should be modified and refined in recharge areas
and an early warning mechanism for quality risks
should be established to ensure safety.
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