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Abstract: The Beijing-Tianjin-Hebei Plain (BTHP) is the political, economic and cultural center of China,
where groundwater is the main source of water supply to support social and economic development.
Continuous overdraft of the resources has caused a persistent decline of groundwater level and formed a
huge cone of depression at a regional scale. This paper addresses current groundwater situation over the
BTHP area. The paper also delineates the groundwater flow field, using groundwater level data, in order to
provide an effective method for the restoration of groundwater level and associated water resources
management. Based on the analysis of multiple factors, such as groundwater level, soil salinization, ground
subsidence, groundwater recharge and storage, urban underground space security, formation of fractures,
and seawater intrusion, the threshold for groundwater level restoration is defined, and some measures for
groundwater over-exploitation management are accordingly proposed. The study shows that: (i) Since the
1980s to 2020, shallow groundwater level in the western part of the BTHP area has dropped by 25 m to 60
m, while the cumulative decline of deep groundwater in the central and eastern regions is in the range of
40-80 m; (i1) The water table of the shallow groundwater within the depression zone over the Western
Piedmont Plain should be controlled in the range of 15-30 m below ground level (mbgl), while the depth of
groundwater level in large and medium-sized urban areas should be controlled within 20-30 mbgl. The
groundwater level in the resource preservation area should be controlled within 10—15 mbgl, and the
groundwater level in the area with identified soil salinization in the central and eastern plain should be
controlled within 3—-10 mbgl. However, for the deep groundwater in the central and eastern plainwater, the
main focus of the resources management is to control the land subsidence. The water level in the severe
land subsidence area should be controlled within 45—60 mbgl, and in the general subsidence area should be
controlled within 30—45 mbgl; (iii) Based on the water level recovery threshold and proposed groundwater
overdraft management program, if the balance of abstraction and recharge is reached in 2025, the shallow
groundwater abstraction needs to be gradually reduced by about 2x10°m’. Meanwhile, the ecological water
replenishment of rivers through the South-to-North Water Transfer Project should be increased to
28.58x10° m’/a, and the deep groundwater abstraction needs to be gradually reduced by 2.24x10° m’. To
reach the target of shallow groundwater level in 2040, surface water replacement is recommended with a
rate of 25.77x10° m’/a and the ecological water replenishment of rivers in the South-to-North Water
Diversion Project should reach 33.51x10° m’/a. For deep groundwater recovery, it is recommended to
replace the deep freshwater extraction with the utilization of shallow salt water by 2.82x10° m’ , in addition
to the amount of 7.86x10° m’ by water diversion. The results are of great significance to the remediation of
groundwater over-exploitation, the regulation of water resources development and utilization, and
ecological protection in Beijing-Tianjin-Hebei plain.

Keywords: Beijing-Tianjin-Hebei Plain; Groundwater over-exploitation; Groundwater level restoration
threshold; Groundwater reserve; Over-exploitation control
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The Beijing-Tianjin-Hebei Plain (BTHP) is the
political, economic and cultural center of China.
The Beijing-Tianjin-Hebei Cooperative Develop-

remediation the Beijing-Tianjin-Hebei Plain. Journal of Ground-
water Science and Engineering, 10(2): 113-127.

ment Area and the Xiong’an New Area, a Chinese
national millennium project, are both located in
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this region, rendering the geographical importance
of this area. The region is the main grain produc-
tion area in China, but also one of the most water-
depleted areas in China. As a major source of
water supply, groundwater resources are critical to
underpin socio-economic development and ecolo-
gical protection in the region (Hu et al. 2020;
Wang et al. 2020; Zhao et al. 2021). Since the late
1970s, the area has experienced continuous drou-
ght, as a result the groundwater exploitation has
become more intensive, leading to the decline of
groundwater level and the formation of ground-
water depression cone on a regional scale, which
has caused serious environmental and geotechnical
problems. Liu et al. (2001) reported that the long-
term groundwater overdraft has been the main
cause of ground subsidence, seawater intrusion and
other environmental problems in the region. There-
fore, measures for groundwater overdraft manage-
ment and groundwater level restoration should be
implemented immediately and properly to alleviate
the situation (Chen et al. 2021). The accumulated
groundwater deficit in the BTHP area is huge, and
the goal of groundwater overdraft management is
not only to achieve a balance between the reso-
urces exploitation and recharge, but also to deter-
mine a reasonable ecological water level restora-
tion threshold, so that groundwater in the area can
still play an important role in the social and
economic development and ecological environm-
ental protection. Since 2014, with the implemen-
tation of the South-North Water Diversion
(SNWD) project which has brought large amount
of additional water to the BTHP for water supply
and groundwater overdraft remediation purposes,
the situation has been alleviated to a certain extent,
but there are still some gaps need to be filled. The
main methodology used in previous management
measures still focused on water quantity constr-
aints, with the main purpose of reducing ground-
water extraction to achieve the balance of extrac-
tion and replenishment, but limited researches have
been done on determining the thresholds of ground-
water level recovery, which is a key factor in the
overdraft management program.

A lot of researches have been conducted on
groundwater level change and groundwater overd-
raft management in the Beijing-Tianjin-Hebei
region. Feng et al. (2014) analyzed the characteris-
tics of groundwater flow dynamics and its driving
factors in the region. Li et al. (2017; 2018) quan-
titatively identified the dominant factors of
groundwater level change; Wang et al. (2012) and
Xu et al. (2015) studied the dynamic changes of
groundwater level and the impact on the evolution
of saline soils. In terms of groundwater overdraft
management, Shi et al. (2010; 2011) evaluated the
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deep groundwater overdraft situation in the North
China Plain by combining ground subsidence and
groundwater level decline. Li et al. (2014) carried
out an assessment of the effect of overdraft mana-
gement in Cangzhou area, based on groundwater
level change analysis. Liu et al. (2016) assessed the
extent of groundwater overdraft in the North China
Plain and put forward suggestions to improve the
groundwater resource capacity. Wei et al. (2019)
identified the changes and control factors of ground-
water overdraft in the North China Plain. Li et al.
(2020) and Yu et al. (2020) proposed regulation
and control recommendations based on the evalua-
tion of groundwater overdraft. Chen et al. (2020)
and Zhao et al. (2020) analyzed the main problems
faced in the area of groundwater overdraft manage-
ment and put forward relevant consideration. In
terms of water level regulation in groundwater
overdraft management, only a few researchers
have made some explorations. Li et al. (2010)
carried out a study on delineation of groundwater
level protection target for the large-scale depre-
ssion area in the North China Plain; Zhu et al.
(2020) calculated the critical groundwater levels in
the overdraft management area by using mathe-
matical and statistical methods. The above-men-
tioned studies have achieved great results, but most
of them focused on the evaluation of groundwater
depletion status and associated management solut-
ions, while very few studies have been done on
water level regulation and water level restoration
threshold, which are the most critical aspects of
overdraft management.

This paper presents a systematic analysis of the
regional groundwater level restoration using an
index system. Based on comprehensive analysis of
regional groundwater level characteristics, a ground-
water level restoration index system is constructed,
with a target groundwater restoration level initiated
at the beginning of the 1980s when massive resou-
rces were extracted. The index system is constr-
ained by the groundwater storage function, ground-
water depression cone restoration, ground subsi-
dence prevention and control, urban underground
space safety guarantee, and soil salinization preven-
tion and control. At the same time, numerical
groundwater simulation has been used and a
refined groundwater overdraft management model
relating to the water level restoration threshold is
proposed based on the simulation result. The
results show that by 2025, the groundwater level
will be balanced and the water table will be
restored by 2040. The numerical simulation results
show that the groundwater depression cone caused
by overdraft will gradually disappear by 2040, and
the groundwater level will recover to the expected
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target. It is expected that the groundwater overdraft
management plan is reasonable and reliable.

1 Study area

The BTHP area, located between 112°-120°E and
35°-43°N, is the political, economic and cultural
center of China. Bounded by Yanshan Mountains
in the north, the plains of northern Lu and northern
Henan in the south, Taihang Mountains in the west
and the Bohai bay in the east the area is topo-
graphically high in the southwest and low in the
east, covering an total area of 9.38x10" km’. The
drainage system in this region consists of Luan
river, and parts of Haihe river. The Luan river
originates in Fengning County, Inner Mongolia
Plateau, with a total length of 888 km, the northern
part of Haihe river mainly originates in Inner
Mongolia Plateau and Yanshan Mountain Range,
consisting of Ji Yun-Chaobai river and Yongding
river systems. The southern part of Haihe River
originates in Taihang Mountain Range, consisting
of Daqing, Ziya and Zhangwei rivers (Fig. 1).
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Fig. 1 Geographical location map of Beijing-Tianjin-
Hebei Plain

The region has a temperate-continental monsoon
climate with four distinct seasons. In general, the
trend of precipitation has declined since the 1960s,
but it is slightly increases in recent years, with an
average annual evapotranspiration of 1 106.9 mm.
From 1956 to 1979, the average annual precipita-
tion in Beijing, Tianjin and Hebei was 571.9 mm;
from 1980 to 2000, the average annual precipita-
tion decreased significantly to 517.6 mm; from
2001 to 2013, it reduced to 502.5 mm/a, but bet-
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ween 2014 and 2020 the value slightly reboun-
ded to 507.6 mm/a.

In the plain area, the porous aquifers with
phreatic water mainly consist of the plain sedi-
ments which are alluvial flood plains in the front of
mountains, alluvial lake plains in the center and
alluvial marine plains in the east. The aquifer
system can be divided into four aquifer groups
from the top to the bottom.

Aquifer group I, bottom of the aquifers is gene-
rally shallower than 50 m in depth, which is an
alternate layer of active groundwater circulation.
The layer is of less significance in respect of
groundwater development and utilization, but it
plays an important role in the preservation of
ecological environment. In the alluvial fan area,
the aquifer is mainly composed of sandy and
gravely soils, with a thickness ranging from 30 m
to 50 m. In the zones between alluvial fan and the
mountain fronts, the thickness of the aquifer
decreases with the soil particle size becoming
finer. In the palaco channel area of the central
plain, the aquifers mainly consist of silt and fine-
grained sands, with the thickness of 10-30 m. The
aquifers mainly composed of silt and fine sands in
the inter-river belts are poorly developed, with the
thickness of less than 10 m. In the coastal plain, the
aquifers mainly consist of silt and fine sands with
the thickness of less than 10 m.

Aquifer group II, the bottom of the aquifers is
generally less than 120-210 m deep. Ground-
water in the aquifer is lightly pressurized or semi-
confined, with relatively high aquifer permeability.
the aquifers are the main sources of groundwater
extraction for agricultural uses in the mountain
front plain. There often is a good hydraulic conne-
ction the mountain front plain and the group I
aquifer, because of no obvious flow barrier be-
tween them. The aquifers are dominated by gravels
and medium-coarse grained sands in the front
plain, medium-fine grained sands in the central
plain, and silt and fine grained sand in coastal plain.

Aquifer group III, the bottom of the aquifers is
generally in 250-310 m deep. Groundwater flow in
the aquifers is generally pressurized with low
permeability due to confined property; and the
water is the main source for agricultural uses in the
central-eastern plains. The aquifers in the mountain
front plain consist of sandy and gravely soils with
3 to 4 sedimentary rhymes, while the aquifers in
the central plain consists of 3—4 layers of fine sand-
medium grained sands. In the coastal plain, the
aquifer is mainly silt and fine-grained sand. There
is sandy clay with a thickness of not less than10 m
commonly distributed between the aquifer groups
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II and I1I, resulting in a weak hydraulic connection
between the aquifer groups.

Aquifer group IV, the bottom of the aquifer is
350-550 m deep, with a slow groundwater flow,
and this type of aquifers has partially been exp-
loited in the coastal plain areas. In terms of aquifer
composition, the water-bearing layers are thinning
and the particle sizes are finering from the moun-
tain front plains to the coastal plains, with a weak
hydraulic connection to the aquifers of group III.

According to Zhang et al. (2009), shallow ground-
water can be located at the depth of 80-120 m in
the groups I and II aquifers in the pre-mountain
plain. In the central-eastern plains the shallow
groundwater can be observed at the depth of 60 m
in the group I aquifers with brackish and saline
water is widely. The deep groundwater is mainly
distributed in groups III and IV aquifers over the
pre-mountain plain and groups II and III aquifers
in the central-eastern plain (Fig. 2).

Prior to 2014, water supply in the region was
highly dependent on groundwater which provided
72.16% supply in the years of 2001-2013, accor-
ding to the water resources bulletins of Beijing,
Tianjin and Hebei Province. However, since the
operation of South-to-North Water Diversion Pro-
ject in 2014, the figure has significantly dropped to
57.93%. In addition, external water imported from
the water transfer project from the Yellow River to
the Yellow and Yangtze divisions has increased in
the imported water quantity in the area by 1.71% in
2001-2013 to 10.32% since the year of 2014.

2 Data and methodology

2.1 Data

In order to properly delineate the groundwater flow
field and accurately evaluate the changes in ground-
water storages, a groundwater level survey cam-
paign has been conducted over the BTHP and was
completed in 2020. During the survey, the water

level data in 6 598 sites have been collected from
various sources, which included 3 896 sites of
shallow groundwater level and 2 702 sites of deep
one, with a density of surveyed site in the key
areas of more than 8 sites/100 km’. Based on data
derived from the groundwater survey, three periods
of groundwater activity are identified, i.e. pre-
mining period by the 1980s, extensive withdraw or
overdraft period from the late 1980s to 2013, and
the period of receiving external recharge due to the
operation of SNWD project after 2014. The survey
also collected shallow groundwater level contours
maps of the year of 1984, 2005, 2010 and 2014,
and the deep groundwater head contour maps of
1980, 2005, 2010 and 2014.

The groundwater resources data were obtained
from the National Seventh Five-Year Plan Project
No.57, Evaluation of Underground Resources in
North China, Investigation and Evaluation of Sus-
tainable Use of Groundwater in North China Plain,
and Investigation and Evaluation of Surface Water
and Shallow Groundwater in Beijing-Tianjin-Hebei
Region. Moreover, the data of groundwater exp-
loitation were obtained from the National Seventh
Five-Year Plan Project 57 Evaluation of Under-
ground Resources in North China, Investigation
and Evaluation of Sustainable Utilization of
Groundwater in the North China Plain, Beijing and
Tianjin water resources bulletin data, and Hebei
geological environment monitoring report data.

2.2 Groundwater storage estimation

The data of water levels over the BTHP measured
since the 1980s was used to analyse the water level
fluctuation, by using Pan-Kriging interpolation
method in GIS software. The analytical results to-
gether with groundwater data of specific yield and
storativity estimated from previous study, were
then used to assess the changes of groundwater
storage in the past 40 years for the aquifers over

240 | i i
120 | ]?mgzhou city Raoyang county Dongguang county (lnzl)
ol D1! L2 | 0 0
? = 1
120 | —120
240 | = | -240
- |
360 : 5 : 360
—480 : | —480
-600 | | —600

665.00
709.00706.92

B Shallow aquifer

B Deep aquifer

7] Ordinal number of stratum E=! Deep groundwater level -1 Shallow groundwater level

651.31  650.0 650.

651.00650.00

[ Clay [ Bedrock 0 20km

Fig. 2 Hydrogeological profile of the Beijing-Tianjin-Hebei Plain modified from ( Zhang et al. 2009)
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the plain area.

It was noted that the storage changes caused by
ground subsidence were considered for deep water.
The calculation process of groundwater storage
variables in the shallow layer is given by the follo-
wing Equation.

QS:ZFixuixAhiXIO‘z (1)
i=1
Where: Q, is the shallow groundwater storage
(10° m’); i represents i" unit calculation parti-
tion; F, represents the area of the i" unit calcula-
tion partition (km); z; is specific yield for uncon-
fined aquifer of the i" unit calculation partition
(dimensionless); Ah; is water level variation value
(m) of the " unit calculation partition.
The procedure of calculating the deep ground-
water storage is shown as follows (Zhang et al.
2009).

Q, = ZE X S; X Ah, X 10*2+ZE xS x 107 (2)
i=1 i=1

Where: Q, represents the deep groundwater
storage (10°m’); 7 is i" unit calculation partition; F;
represents area size of the i" unit calculation
partition (km®); S*; is storativity of the i" unit
calculation partition (dimensionless); Ah; is head
variation value (m) of the i" unit calculation
partition; S; is average ground subsidence (mm) of
the i unit calculation partition for INSAR moni-
toring data.

3 Groundwater level restoration thre-
shold index system

3.1 Groundwater level restoration thre-
sholds in different regions

The large-scale groundwater exploitation in the
BTHP area commenced in the mid-late 1970s, and
since the 1980s the exploitation activity has caused
a series of environmental geological problems such
as the occurrence of groundwater depression cone,
ground subsidence, seawater intrusion and ground
fracture. The strategy of water level recovery in the
pre-mountain plain focuses on groundwater storage
and the security of underground space in large and
medium-sized cities; and the measure of water
level recovery in the central-eastern plain focuses
on soil salinization prevention and control and the
maintenance of wetland ecological function. On
basis of these objectives, the threshold of ground-
water level restoration is identified to ensure that

http://gwse.iheg.org.cn

the functions of water resources, environment and
ecosystem can be fully performed.

3.1.1 Groundwater level restoration threshold in
the area of groundwater depression cone prevention

and control

The initial groundwater level for restoration thre-
shold analysis is determined, based on the ground-
water flow field in the early 1980s when large-
scale groundwater exploitation had not yet trigge-
red the regional groundwater depression cone. The
shallow groundwater depression cone is mainly
located in the front edge of mountain front fluvial
fan, where the groundwater receives lateral recha-
rge from the mountain front. At the same time,
additional recharges occurs with direct sources
from river infiltrations and the add-in water via the
SNWD project, which is favorable for the recovery
of groundwater levels. The deep groundwater
depression cone, mainly located in the central-
eastern plain, can only be recovered through the
replenishment of the SNWD water sources, reduc-
tion of the deep water withdraw and utilization of
shallow salty water.

3.1.2 Groundwater level restoration threshold for

urban underground space safety

For cities and its adjacent areas, the objective of
groundwater level restoration is to ensure the secu-
rity of underground space, minimize the impact of
groundwater level lowering on subway structures
in large and medium-sized cities, and to maintain
the safety of the other construction foundation.
Based on the current situation of urban develop-
ment, the groundwater levels in Beijing and Shijia-
zhuang cities should be controlled at 20-30 m
deep. Tianjin is located in the central and eastern
plains, where the groundwater level is shallow. As
the use of underground space has taken into acco-
unt the current groundwater level, underground
space’ s safe water level in Tianjin is no longer a
key consideration.

3.1.3 Groundwater level recovery threshold in soil

salinization prevention and control area

Xie et al. (2007) and Zhao et al. (2010) addressed
that the minimum depth of phreatic water level is
critical in controlling soil salinization which is
related to the lithology and minerals in overlying
vadose zone. The potential zones with soil saliniza-
tion in the study area mainly distribute in the
central alluvial and eastern coastal plains, where
the lithologies of vadose zone are mainly sandy
soil and clay soil, and the shallow groundwater is
brackish and semi-saline. In coastal plain, the gro-
undwater is characterized by the localized occ-
urrence of brackish water with high salt load and

117


http://www.gwse.iheg.org.cn

Journal of Groundwater Science and Engineering

10(2022) 113-127

deep groundwater level. According to the results
of the ecological and geological survey in Baiyang-
dian area conducted by China Geological Survey,
the phreatic water table in the Baiyangdian and
adjacent wetland areas needs to be 4-5 m deep to
maintain the functions of water resources, gro-
undwater dependent ecosystem, biodiversity and
wetland landscape. Considering soil salinity con-
trol and ecological water level constraint in the
lake wetland, the critical depth of groundwater
level is determined to be 3—4 m deep (Ma et al.
2020).

3.1.4 Groundwater level recovery threshold in grou-

nd fracturing prevention and control area

At present, the overall ground fracturing in BTHP
area is growing, mainly triggered by the decline of
shallow groundwater level. According to the results
of the ground fracture survey, the occurrence pro-
bability of ground fracture may significantly incr-
eases when the shallow groundwater level in the
pre-mountain plain is deeper than 10 m. In the
meantime, the occurrence probability significantly
increases when the shallow groundwater level, in
the central-eastern plain such as the Cangzhou
area, is greater than 7 m. The threshold of ground-
water level restoration in the ground fracturing
prevention and control area is 7-10 m.

3.1.5 Groundwater level recovery threshold in sea-

water intrusion prevention and control area
Seawater intrusion is usually induced by the dec-
line in water level due to groundwater extrac-
tion. It has been defined that the threshold of
groundwater level to prevent the seawater from
intrusion is in the range of 0—1 m deep, which is
applied to the range of within 6 km along the
coastline.

3.1.6 Groundwater level restoration threshold in

groundwater preservation area

Xu et al. (2009) proposed a feasible groundwater
storage approach by using the methods of hydro-
geological condition analysis and numerical mode-
lling. The alluvial fans consist of in front of the
mountains mainly consist of pebbles and gravels
and medium-coarse sands, with strong infiltration
ability and deep groundwater level are the best
groundwater storage area. The alluvial fans not
only have good infiltration and storage capaci-
ties, but also are close to surface reservoirs, so that
very little resources loss substantially happens due
the interaction between alluvial groundwater and
reservoir water. On this basis, in the storage area of
mountain front plain the threshold of groundwater
level restoration is determined as 10—15 m.

118

3.1.7 Groundwater level recovery threshold in land

subsidence prevention and control area

The over withdraw of groundwater resources from
the deep sedimentary aquifers has caused serious
land subsidence problem over-exploitation particu-
larly in the central-eastern plain. The research of
Guo et al. (2017) shows that, in BTHP area, land
subsidence started in the 1920s and it entered a
rapid development stage from the mid-1960s to the
mid-1980s. After the mid-1990s, the occurrence of
land subsidence appeared different in different
regions. In Tianjin it has been in a stage of compreh-
ensive subsidence treatment, where associated pro-
blems in the subsidence centers such as Wuqing-
yang village, urban centers and Tanggu were effec-
tively controlled. However, land subsidence in urban
peripheries and suburban counties was accelerated.
In the Hebei plain, land subsidence is still develo-
ping rapidly except for the urban area like Cang-
zhou, while in Beijing plain there have been two
major subsidence areas respectively occur in the
south and the north, with the scope of subsidence
continuously expanding. According to Jiang et al.
(2015), there is a good relationship between land
subsidence rate and groundwater level decline rate,
and the area of subsidence is basically consistent
with the distribution of deep groundwater depres-
sion cone. In addition, a small-scale subsidence
area may not have the problem in relation to the
groundwater over withdraw overexploitation and
associated water level decline, but it must be
studied as an essential part of the basin which has
been facing severe land subsidence (Dong et al.
2010). Thus, a reasonable groundwater level thre-
shold in the region can be determined by analyzing
the relationship between land subsidence and gro-
undwater level:

(1) In Beijing, the spatiotemporal evolution has
shown a good relationship between the depres-
sion cones of deep groundwater and land subsi-
dence, and relationship between the main ground-
water exploitation layer and the main compre-
ssion layer attributed to land subsidence. When the
buried depth of deep groundwater level is greater
than 25-35 m, land subsidence develops rapidly.

(2) In Cangzhou area, once the deep ground-
water level is less than 40-50 mbgl, the develop-
ment of land subsidence would be slow, which
only occurs in the central area of depression cone.
However, the subsidence accelerates and may ex-
tend to the entire cone area while the deep ground-
water level is 50-70 mbgl.

(3) Liu et al. (2016) indicates that in Tianjin city
land subsidence will basically not happen in the case
of the groundwater level of group II aquifer being
controlled in the range of 30-35 mbgl and that of
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the group III aquifer controlled within 40 mbgl.
Otherwise, land subsidence will develop drasti-
cally.

Considering previous research results of land
subsidence and associated hydrogeological condi-
tions of Beijing-Tianjin-Hebei Plain, it can be
identified that the threshold of groundwater level
in severe land subsidence area needs to be contro-
lled within 45-60 mbgl. For moderate or slight
subsidence area, the figure may be 30-45 mbgl.

3.2 Construction of groundwater level
recovery threshold index system

In the mid-1970s, as continuous droughts took
place in the BTHP area, large numbers of drought-
resistant well were installed in order to guarantee
agricultural water supply. After the 1980s, the
amount of groundwater exploitation increased and
the problems related to over-exploitation became
more and more prominent. An average annual
amount of over-exploited groundwater reached
27.6x10° m’/a in the years from 1980 to 2000.
With the rapid economic and social development
from 2001 to 2013, the average annual over-exploi-
tation amount increased to 48.5x10° m’, including
28.8x10° m’ extracted from the shallow layers and
19.7x10° m’ from the deep layer. Since 2014, with
the operation of the SNWD Project over-exploita-
tion, the problem has been improved and the
average annual over-exploitation amount decreased

to 31.9x10° m’, of which the volume from the
shallow layer was significantly reduced to 14.1x
10° m’/a and that from the deep layer reduced to
17.8x10° m’/a. The severity of groundwater over-
exploitation in past 40 years is actually attributed
to the water shortage in the Plain areas. Therefore,
the remediation of the resources over-exploitation
has become critical to alleviate the problems in
relation to groundwater over-exploitation.

To support the groundwater over-exploitation
treatment in BTHP area, the groundwater levels
gained in the early 1980s, when large-scale ground-
water over-exploitation had not caused serious
environmental geological problems, was used as a
baseline data, and based on the identified ground-
water level recovery thresholds, a groundwater
level recovery threshold index system synthesed
for BTHP area is established for different ground-
water levels and different geomorphological units
(Table 1).

Taking into account the factors as soil salini-
zation, precipitation infiltration, groundwater rech-
arge, groundwater flow and storage, the extent of
shallow groundwater depression cone, urban under-
ground space security, ground fracturing, wetland
biodiversity, seawater intrusion, etc, the shallow
groundwater level in the western mountain front
area should be controlled between 15-30 m, and
20-30 m in the urban areas of large and medium-
sized cities. As regard to favorable water levels,
10-15 mbgl is an ideal depth range for mainta-

Table 1 Groundwater level recovery threshold index system

Groundwater Geomorphological

. Element
level unit

Target water level depth (mbgl)

Shallow layer Mountain front
plain groundwater

Impact of large-scale exploitation on

Water level buried depth in the 1980s

Groundwater level recovery in the drop funnel Water level buried depth in the 1980s

area

Safety of underground space utilization in 20-30
large and medium-sized cities
Beneficial to infiltration and recharge of 10-15

precipitation and groundwater regulation

and storage

Ground fissure prevention and control 7-10
Central East Plain  Soil salinization prevention and control 34
Ground fissure prevention and control 4-7
Ecological water level of major wetlands 34
Seawater intrusion prevention and control 0-1

Deep layer /
groundwater

Land subsidence prevention and control

Impact of large-scale exploitation on

Water level buried depth in the 1980s

Severe subsidence area, water level
buried depth 45-60 m General
subsidence area, water level buried
depth 3045 m

Funnel area where land subsidence has not yet Water level buried depth in the 1980s

occurred
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ining effective recharge, flow and storage, 7-10 m
for ground fracturing prevention and control, 3—10
m for soil salinization prevention and control in the
central-eastern region, 1-3 m for wetland ecolo-
gical diversity maintenance, and less than 1 m for
seawater intrusion prevention and control.

With respect to deep groundwater, emphasis
should be placed on the mitigations of land subsi-
dence, adverse evolution of groundwater depres-
sion cone duo to over draft, renewal measures of
the resources and other factors. As a result, the wa-
ter levels should be controlled in the range of
45-60 m deep in severe land subsidence areas. For
light and even moderate land subsidence areas,
they can be controlled within the depth range of
30-45 m and 10-30 m for mountain front plain

(Fig. 3).

4 Evolution of groundwater flow field
over-exploitation

4.1 Groundwater level

The shallow groundwater level in the mountain
front plain area declined rapidly by the early 21st
century. After 2014, along with the operation of
the SNWD Project and application of measures for
controlling groundwater over-exploitation, the trend
of the shallow water level decline in the major cities
in mountain front plain was eased, resulting in a
water level rebounding in the urban areas. How-
ever, in rural and agricultural areas, the water level
has kept on dropping, with a largest decline of
60—70 m happening in the area of the Baoding-
Shijiazhuang-Xingtai alluvial fan margin loca-
ted in the front of Taihang Mountain. The shallow

Beijing 73
a7 Tangshan
Langfang

Tianjin -
| ‘Baoding

o Recovery threshold of

—Sﬁﬁwhuang S <1
Hengshui | | 1-3
135
7, 57
Xingtai []7-10
[]10-15
[ 15-20
[120-30
[1>30

(a) Shallow groundwater level recovery threshold

Handan

0 50 100 200km

' shallow groundwater depth/m

groundwater level in the central-eastern plain exp-
eriences natural fluctuations (Fig. 4).

In the mountain front plain, the Chaobai River
alluvial fan, for example, was affected by ground-
water exploitation and mountain reservoir storage
before 2007, and as a result the shallow ground-
water level dropped by 0.15 m per year. In 2008—
2012, the application of some water-saving meas-
ures, such as the alluvial fan water only supplied
for emergency purpose, the promotion of water-
wise agriculture and the use of recycled water and
rainwater, slightly improved the groundwater level
recovery with a rise rate of 0.4 m per year. Since
2014, the rate has been maintained at the level of
0.6 m per annum, with water supply of the South-
to-North Water Transfer Middle Route Project, the
continuous promotion of groundwater over-exploi-
tation control and ecological water replenishment
measures carried out in the Chaobai River alluvial
fan area. Shallow groundwater in the central-
eastern plain is mainly brackish and semi-saline,
with a low the exploitation level, so that the water
level there is in a natural fluctuation state. Taking
the shallow monitoring wells in urban Cangzhou as
an example, only in 1996-2002, the water level
showed a decreasing trend due to low precipitation,
and the groundwater level shows natural fluctua-
tions for the rest of the years (Yang et al. 2021b).

From the year of 1980 to 2005, deep ground-
water level in the agricultural area decreased at a
rate of 1-3 m/a, and that of Hengshui and Cang-
zhou in the central-eastern part of the plain decrea-
sed at the greatest rate of 3—4 m/a. From 2005 to
2020, the water level of the agricultural area in
the central-eastern part of the plain kept on a rapid
decline due to the influence of agricultural water

Beijing
. Tangshan
Langfang
Tianjin
.Baoding
Cangzhou
S‘hijiazhuang
Hengshui
Recovery threshold of
deep groundwater depth/m
@' 110-30
L 3045
i 45-60
0 50 10 200 km

(b) Deep groundwater level recovery threshold

Fig. 3 Groundwater level recovery threshold in the Beijing-Tianjin-Hebei Plain
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Fig. 4 Hydrograph for groundwater in the plain of Haihe River Basin (Yang et al. 2021a)

a. Chaobai River alluvial fan—shallow groundwater—mountain front plain; b. Cangzhou City—shallow groundwater—central-east plain; c. Central-eastern

plain—Jing County in Hengshui; d. Cangzhou City—deep groundwater-urban area

exploitation, but the decreasing rate was reduced
to 2-4 m/a. Deep groundwater level in the urban
area has rebounded since the implementation
of over-exploitation control. In Jing County of
Hengshui and urban area in Cangzhou, for in-
stance, the shallow groundwater in Jing County is
mainly brackish and semi-saline water. As a result,
the agricultural irrigation has heavily depended on
groundwater resources which have long been over
drafted from the deep aquifers without effective
remediation measures towards the resources over-
exploitation, further resulting in a water level drop
rate of 2 m per annum. As the private wells in
Cangzhou urban areas have been closed since
2005, water levels of the deep aquifers are on the
rise.

4.2 Change of regional
flow field

groundwater

In the BTHP area, shallow groundwater levels
have undergone a different evolution patterns in
different regions. In the west, the water levels have
rapidly declined from the 1980s to the year of
2020, while in the major urban areas in the western
mountain front they have ceased rising after the
launch of the South-to-North Water Transfer Pro-
ject in 2014. The water level in the east is in a state
of natural fluctuation.

The western mountain front plain is main loca-
lity for the extraction of shallow groundwater,

http://gwse.iheg.org.cn

where the water level continuously and rapidly
decreased before 2014, with a cumulative draw-
down of 25—-60 m and a largest drop rate of 2 m/a
at Shijiazhuang-Xingtai. Since the SNWD project
was in place in 2014, the water levels in urban
areas like Beijing, Baoding, Shijiazhuang, Xingtai,
and Handan have significantly rebounded, of which
the recovery rate in the center of Beijing is 3 m/a.
but they are still on a rapid decline in the city peri-
pheries, with a cumulative drawdown of 10-30 m
and a decline rate of more than 3 m/a (Fig. 5). In
the past 15 years, the shallow groundwater in the
central-eastern part of the plain has been mainly
brackish and saline water, with very low level of
exploitation, so the water level is generally in a
state of natural fluctuation. Rainfall changes and
agricultural irrigation are the main reasons for the
dynamic changes of water level in this area.

The deep groundwater level in the Beijing-
Tianjin-Hebei Plain area, from the 1980s to 2020,
showed an overall declining trend (Fig. 6), with the
largest decline in the central-eastern region. After
2014, deep groundwater level in urban areas and
agricultural areas showed a differentiated develop-
ment, with the groundwater level in urban areas
rebounding significantly and that of the surroun-
ding agricultural areas still showing a rapid decline.
From the 1980s to 2014, the deep groundwater
level of Hengshui, Cangzhou and southern Tianjin
in the central-eastern plain declined the most in the
region, with a cumulative decline of 40-80 m and
an average decline rate of 1.5 m/a. After 2014,
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Fig. 6 Isoline map of deep groundwater level in Beijing-Tianjin-Hebei Plain area

with the comprehensive treatment of groundwa-
ter over-exploitation and the promotion of South-
to-North Water Transfer Project, the deep ground-
water level in urban and agricultural areas de-
veloped differently. Self-provided wells were shut
down and water replacement was carried out to
reduce the amount of deep groundwater exploited
in urban areas of Hengshui, Cangzhou and Tianjin.
The deep groundwater level was rebounding there,
among which that in Tianjin has the largest and
fastest rebounding rate, reaching 4 m/a. Due to the
lack of replacement of water sources in agricultural
areas, agriculture industry still exploits deep
groundwater on a large scale. With deep ground-
water exploited for agricultural irrigation, the
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water level is still on a rapid decline, and the
decline rate exceeds that of the previous phase in
2014, which reaches 2—5 m/a.

4.3 Groundwater storage

According to Fei et al. (2015) and Wang et al.
(2014), there is a correlation between the ground-
water storage and the degree of groundwater
exploitation and utilization in the BTHP area.
Shallow groundwater storage changes are corre-
lated with the rise or fall of shallow groundwater
level; and the storage increases when the shallow
groundwater level rises and decreases as the level
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falls. The deep groundwater storage includes two
parts, the water from the deep aquifer induced by
the change in groundwater level and the amount of
compression releasing water from clay soil tri-
ggered by water level decrease. The flexible water
release volume is the product of water level chan-
ges and the elastic release coefficient of the con-
fined aquifer. Due to intrinsic property of irrever-
sible compressed deformation of clay soil, the
reduction of deep groundwater storage caused by
compressed water release will not be recoverable.

Based on the water amount change due to the
change in water levels, groundwater storage is
hence evaluated. Evaluation result show that the
shallow groundwater storage decreased by 597x10°
m’ from 1984 to 2020, with the largest decrease
occurred in Baoding-Shijiazhuang-Xingtai-Handan
area. Since the 1980s, large-scale exploitation of
shallow groundwater in the BTHP for agricultural
irrigation has resulted in a rapid decrease in sha-
llow groundwater storage. The accumulated reduc-
tion in mountain front plain is about 20x10* m?/
km’, among which in the area of Baoding-Shijia-
zhuang-Xingtai-Handan the accumulated storage
reduction reaches 100x10*-300x10* m*km’. In
some areas around Shijiazhuang the figure is larger
than 300x10* m’/km’,

Based on the deep groundwater level isolines
with data derived in 1984 and 2020, respectively,
the water level variations are analyzed. Consi-
dering elastic release coefficient of the deep aqui-
fers and land subsidence data, the changes of deep
groundwater storage is evaluated. the amount of
deep groundwater storage has decreased signifi-
cantly because of increasing demand of water res-
ources due to the rapid growth in urban population
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(a) Shallow groundwater storage variables map

Shallow groundwater storage variables

and rural agriculture. According to the evaluation,
the accumulated decrease of the resources storage
from 1980 to 2020 is 545x10° m’, with a largest
resources decrease occurs in the area of Tianjin-
Cangzhou-Hengshui. The overall reductions of the
deep water are 0-50x10* m’/km’ and 50x10*-100x
10" m’/km’, respectively, in the mountain front
plain and central-eastern plain. Among them the
reduction figure in the areas around Tianjin, Cang-
zhou and Hengshui is 100x10*-200x10* m*/km’,
while in some areas around Tianjin it is greater
than 200x10* m*/km’ (Fig. 7).

4.4 Suggestions and measures towards
groundwater over-exploitation reme-
diation

The threshold for groundwater level recovery is
defined on the basis of groundwater flow field
characteristics with data derived from in the early
1980s. The analysis of flow field was performed
with the intention of delineating the changes in
groundwater level and storage quantity from the
year of 1980 to 2020, taking multiple factors as the
above discussed in account. In order to achieve the
objectives of groundwater level fully recovered in
2040 and a balance between the resources extrac-
tion and replenishment mostly met in 2025, the
strategy towards controlling groundwater over-exp-
loitation and mitigating associated environmental
problems in Beijing, Tianjin and Hebei province
has been drawn, in accordance with the Action
Plan for Groundwater over Exploitation Remedia-
tion in North China.

In order to effectively mitigate the problems in
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Fig. 7 Groundwater storage variables in the Beijing-Tianjin-Hebei Plain
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relation to aquifer overdraft over the BTHP area, it
is necessary for the measures as exploitation con-
trol, groundwater recharge and water replacement
to be simultaneously implemented to maintain a
balance between input and output of the resources.
And it is suggested that the measures for the sha-
llow aquifers include: (1) The amount of water exp-
loited should be reduced by 2x10° m’ per year
from 2022 to 2025 (Fig. 8), while a river eco-
logical replenishment amount of 28.58x10° m’a
should be achieved through South-to-North Water
Transfer Project to reach the balance; (2) ex-
ploitation control or surface water replacement of
25.77x10° m’/a needs to be made from 2026 to
2040 with water recharge of 33.51x10° m’/a for
river ecology through the SNWD project.

The ideal locations for groundwater recharge are
Hutuo River-Sha River alluvial fan area, Yongding
River alluvial fan, Chaobai River alluvial fan,
Juma River alluvial fan and Fuyang River alluvial
fan. The vadose zones of the above areas are
mainly sand and gravel, with a strong infiltration
capacity, and they are close to the infrastructure of
the SNWD Project, which can also guarantee
ecological recharge water sources. In 2018, a total
of 6.25x10° m’ water was recharged to the BTHP
area via the SNWD project. Moreover, in Sep-
tember 2018, the SNWD Project commenced to
provide ecological water to the BTHP area via
Juma River, Hutuo River and Fuyang River. Since
then the ecological recharge quantity has been
increased year by year, with a total of 44.2x10° m’
in 2020. According to groundwater monitoring, in
the external water recharge area, the average rise in
water level has so far reached 1.47 m in the
mountain front areas which have a total areal size
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of 16 200 km’, accounting for 18.2% of the BTHP
area.

A comprehensive strategy of multi-water source
recharge or replacement to control deep ground-
water over-exploitation has been adopted, in which
the water level thresholds will gradually be rea-
ched through effectively managing the balance be-
tween exploitation and replenishment, particularly
in the farming area where massive deep ground-
water has been extracted for irrigation purpose.
Firstly, in the central and eastern plains where agricu-
Itural activities have heavily depended on ground-
water resources, the utilization of shallow brackish
and semi-saline water should be maximized up to
21x10° m’/a, by using the brackish water treatment
technology titled replacing fresh water with salty
water which has been applied in the fields of agri-
culture. Secondly, the second phase of the middle-
east route of the SNWD Project will strengthen the
planning and construction of the irrigation canal
network from the main canal to the fields which
may gradually replace the groundwater utilization
for agricultural irrigation so as to control ground-
water exploitation. It is hence suggested for the deep
groundwater over-exploitation remediation that:
(1) An annual extraction amount of about 2.24x10°
m’ needs to be gradually reduced from 2022 to
2025 (Fig. 9); (2) from 2026 to 2040, in the central-
eastern plain the brackish water replacement for
the deep groundwater will reach 2.82x10° m*/a and
the surface water replacement of 7.86x10° m’/a, to
achieve deep groundwater level recovery. Conside-
ring that with the progress of water resource utili-
zation technology, the replacement of deep fresh
water with shallow brackish water is mainly pro-
moted in Cangzhou and Hengshui in the central-

Beijing
. Tangshan
Langfang

Tianjin,

.Baoding

Cangzhou

. Hengshui
The amount of shallow groundwater
4 exploitation control increasing
Xingai 0 year by year 2026-2040 (10* m*/a)

<100
‘Handan 100-500

= >5000

0 50 100 200 km

(b) Recommended amount of recharge or exploitation control
(2026-2040)

Fig. 8 Suggested treatment map of shallow groundwater over-exploitation in the Beijing-Tianjin-Hebei Plain
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Fig. 9 Suggested treatment map of deep groundwater over-exploitation in the Beijing-Tianjin-Hebei Plain

eastern plain.

According to the predicted groundwater flow
field in 2040 based on the numerical model, by
2040, at the boundary of shallow groundwater de-
pression cone located in the mountain front plain,
the groundwater levels will rise from 20 mbgl to
about 5 mbgl with a rise rate of 1.32 m/a. This
suggests that the shallow groundwater depression
cone basically disappears. At the boundary of deep
groundwater depression cone in the central-eastern
plain, the groundwater level will rise from 60 mbgl
to about 10 mbgl with a rise rate of 2.63 m/a.

5 Conclusions and Suggestions

To support the comprehensive control of ground-
water overexploitation in Beijing-Tianjin-Hebei
Plain (BTHP) and to solve the environmental geo-
logical problems due to the resources over-exploi-
tation, this paper establishes the first regional
groundwater level recovery threshold index system
based on the study of groundwater level and ground-
water storage evolutions. In order to achieve a
balance between groundwater exploitation and re-
charge, and water level recovery. Refined meas-
ures to the groundwater overexploitation are pro-
posed through the application of groundwater nu-
merical simulation methods.

(1). In the past 40 years, the shallow ground-
water level in the BTHP area has continued to
decline rapidly in the mountain front area, with a
total drawdown of 25-60 m and a cumulative
storage reduction of 597x10° m’ The deep ground-
water level has also declined, with a total draw-
down of 40-80 m and a cumulative storage re-
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duction of 545x10° m’ in the central-eastern re-
gion.

(2). The water level thresholds for shallow and
deep aquifer systems are proposed, respectively, in
different plain regions such as: 15-30 mbgl for
shallow groundwater in the depression cone areas
in the western mountain front plain, 20-30 mbgl in
large and medium-sized urban areas, 10—15 mbgl
in groundwater preservation areas, 3—10 mbgl in
central-eastern soil salinization areas, 3—4 mbgl in
wetland areas, less than 1 mbgl in seawater intru-
sion control areas, 45—60 mbgl for deep ground-
water level in serious land subsidence areas, and
30—45 mbgl in general subsidence areas.

(3). Exploitation control and water recharge and
water replacement measures need to be imple-
mented simultaneously for shallow groundwater
over-exploitation treatment. An annual exploitation
quantity of 2x10° m’ needs to be reduced and a
recharge quantity of 28.58x10°m’/a for river eco-
logy so as to reach a balance between the exploita-
tion and replenishment in 2025; further reduction
and surface water replacement of 25.77x10° m’/a
need to be made from 2026 to 2040 with a rech-
arge volume of 33.51x10° m*a for river ecology,
so that the target water level will gradually be
reached.

(4). A comprehensive strategy of water source
replacement and groundwater exploitation control
is adopted for deep groundwater over-exploitation
treatment. The exploitation amount of 2.24x10° m’
needs to be reduced gradually so as to reach a
balance between exploitation and replenishment in
2025. Brackish water with a volume of 2.82%
10° m’/a will necessarily be used to replace the
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deep groundwater from 2026 to 2040, with a
surface water source replacement quantity of 7.86x
10° m’/a, so that target water level will gradually
be reached.
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