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Abstract: There has been notable depletion of groundwater resources globally in recent decades.
Groundwater can be conserved by ecological water replenishment. An understanding of the fac-
tors influencing the effect of ecological water replenishment on groundwater recharge is of great
significance for water resource management. This study used the improved water table fluctuation
and water equilibrium method and Spearman correlation analysis in R to evaluate the effect of
ecological water replenishment on groundwater recharge. Furthermore, the correlations between
groundwater recharge and topography, hydrogeological conditions, and meteorological factors were
analyzed. Groundwater storage in the plain area of the Yongding River (Beijing section) increased by
2.17 x 108 m? in 2020, equating to an increase in the regional groundwater level of 73.6% (increase of
0.1-9.1 m, arithmetic mean of 2.3 m). The main sources of groundwater recharge are ecological water
replenishment and precipitation. The ecological water replenishment first recharged the Ordovician
limestone aquifer in the gorge area, following which karst water overflowed through the fault zone
to resupply the Quaternary groundwater in the plain area, resulting in a lag in the groundwater
recharge effect. Groundwater recharge was positively correlated with ground elevation and aquifer
permeability and negatively correlated with the thickness of Quaternary strata and the distance be-
tween the recharge point and Yongdinghe fault zone. This study can help to better explain the effect
and impact of ecological water replenishment on groundwater resource recharge and its implications
for improving ecological water replenishment projects.

Keywords: groundwater resources; ecological water replenishment; recharge; influencing factors

1. Introduction

Global groundwater abstraction has increased from ~312 km? in 1960 to 734 km?
in 2000 [1] and 1400 km? in 2016 [2]. Global warming, extreme weather events, and
the construction of reservoirs and dams have all reduced natural groundwater recharge.
Regions that have experienced the most severe depletion of groundwater resources include
the North China Plain, Northwest India, the American prairies, Central Valley in California,
and the Middle East [3-7]. Scheduling of surface water ecological flow can effectively
be used to conserve groundwater resources, although the effectiveness of this approach
is dependent on many factors, including topography, hydrogeological conditions, and
precipitation [8]. Therefore, understanding the effect of ecological water replenishment on
groundwater recharge is of great significance for water resource management.
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Beijing is a typical water deficit prone area on the North China Plain. Water deficit
alleviation measures taken by the Beijing municipal government since 2012 have included
the South-to-North Water Diversion Project and the use of ecological water replenishment
to recharge groundwater [9]. The Yongding River, the primary river supplying Beijing,
was cut off from 1980 to 2019, and its underground water resources were depleted. Beijing
launched ecological water replenishment of the Guanting Reservoir in 2019 to restore the
ecology of the Yongding River and replenish groundwater. Various approaches have been
used in past studies to investigate the impact of ecological water replenishment of the
Yongding River (Beijing section) on groundwater resources using scenario simulation or
hypothesis testing, including numerical simulation [10,11] and statistical analysis [12-14].
Subsequent to the implementation of ecological water replenishment of the Guanting
Reservoir, there has been an increasingly urgent need to study changes to the groundwater
table in Beijing and the effect on groundwater resource storage.

The Gravity Recovery and Climate Experiment (GRACE) satellite is widely used to
calculate and evaluate changes in global groundwater storage by measuring changes in
the gravitational field over time. However, the accuracy of the GRACE satellite is limited
by its highest resolution of 330 km [15,16]. Numerical simulation can be used to estimate
the variation in groundwater storage based on the effective porosity and permeability
coefficient of an aquifer and measured changes to the groundwater table resulting from
recharge, runoff, and discharge [17-19]. However, this approach is complex, long, and
requires large quantities of basic data. The water table fluctuation method relies directly
on groundwater table data, ignoring the large number of hydrogeological parameters,
except for specific yield. This method can be used to rapidly evaluate and analyze the
effect of ecological water replenishment on groundwater resources [20,21]. However, since
the scale at which the water table fluctuation method can be applied is limited to an area
representative of a single monitoring point, it cannot be used to accurately calculate the
groundwater storage effect at the regional scale. An improved water table fluctuation
method is established to solve this problem by subdividing the grid, overlaying the area
data, and applying the Kriging interpolation calculation method.

The statistical indicators most commonly used to analyze the correlation between
topography, hydrogeological conditions, meteorological factors, and the effect of replen-
ishment of ecological water on groundwater resources include the Pearson correlation
coefficient and Spearman correlation. The calculation of the Pearson correlation coefficient
requires the variables to be continuous and normally distributed. However, the spatial
variability in topography, hydrogeological conditions, meteorology, and other factors in-
creases uncertainty in whether these statistical indicators are normally distributed. Unlike
the Pearson correlation coefficient, the Spearman correlation coefficient has no requirement
for analysis variables to be normally distributed [22]. Therefore, the Spearman correlation
coefficient is more suitable for studying the factors influencing the effects of ecological
water replenishment on groundwater resources.

Beijing officially initiated ecological water replenishment of the Yongding River in 2020.
The present study collected groundwater table, meteorological, and hydrogeological data
for 82 monitoring wells in the plain area of the Yongding River (Beijing section). Changes
to the groundwater table during ecological water replenishment were then analyzed using
the improved water table fluctuation method and Spearman correlation analysis. Changes
to groundwater storage were calculated to reveal the mechanism influencing changes to
groundwater storage during ecological water replenishment. The results of the present
study are of great significance for the protection of groundwater resources during ecological
flow scheduling of the Yongding River (Beijing section).

2. Overview of Study Area

The topography of the study area can be divided into a plain area and a gorge area.
The aquifer in the plain area consists mainly of a Quaternary porous medium representing
the main groundwater storage area. The medium of the aquifer in the gorge area consists
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of predominantly Ordovician limestone fissures, there are karst caves on the surface, and it
is an important groundwater recharge area [23]. The present study focused on the plain
area of Yongding River (Beijing section) (Figure 1), containing nine administrative districts
(Shijingshan, Fengtai, Dongcheng, Xicheng, Haidian, Chaoyang, Changping, Daxing, and
Tongzhou) with a total area of 2387 km?. The plain area is an alluvial and alluvial-proluvial
landform that was formed by the accumulation of alluvial sediments of the Yongding River.
The grains of the aquifer become gradually finer from northwest to southeast, and the
aquifer transitions from a single sand—gravel layer (zone I, K > 200 m/d), to two-three layers
of sand-gravel (zone II, 200 m/d > K > 150 m/d), to multiple layers of sand gravel and a
few sand layers (zone III, 150 m/d > K > 100 m/d), to multiple layers of sand and a few
layers of gravel (zone IV, K < 100 m/d), to multi layers of sand (zone V, K < 50 m/d) [10,24].
The study area essentially consists of Quaternary deposits varying from tens meters to more
than 250 m, and it is underlain by a series of Paleozoic to Mesozoic geological formations
forming impermeable bottoms of aquifers (Figure 1). The Yongdinghe fault zone, which
occurs in the northwest, is a strike-slip fault.
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Figure 1. Map of the Yongding River (Beijing section) showing the boundary of the plain area,
aquifer characteristics, and distribution of observation wells. Zone I is the single sand-gravel layer,
K> 200 m/d; zone II consists of two to three layers of sand-gravel, 200 m/d > K > 150 m/d; zone III
consists of multiple layers of sand gravel and a few layers of sand, 150 m/d > K > 100 m/d; zone IV
consists of multiple layers of sand and a few layers of gravel, K < 100 m/d and zone V consists of
multiple layers of sand, K < 50 m/d. A-A’is a hydrogeological cross-section, this figure is adapted
from the report “Groundwater Flow Modeling and Groundwater Resource Potential in the Plain Area
of Beijing”.

The study area has a semi-humid and semi-arid monsoon climate and falls in the
warm temperate zone. The multi-year average temperature, precipitation, and evaporation
of the study area are 11.6 °C, 556 mm, and 1333 mm, respectively [25,26]. The average
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precipitation of the study area in 2020 was 559 mm (http://swj.beijing.gov.cn/, accessed on
25 May 2021) (Figure 2). Precipitation from June to September accounts for 70% of annual
precipitation. The main sources of groundwater recharge in the plain area of the Yongding
River (Beijing section) are atmospheric precipitation, river seepage, and aquifer lateral
inflow, whereas the main groundwater outflow paths are human exploitation and lateral
outflow of the aquifer.

200

176.4
180

160
142.1
140 4

120 A

Precipitation (mm)
x o
(=] =
1 1
[=))
3
>

60 - 50.9

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Date

Figure 2. Monthly precipitation of the Yongding River catchment (Beijing section) in 2020.

In 2020, the 170 km long river channel of the Yongding River (Beijing section) was
fully open to water for the first time in 25 years [12]. The volumes of ecological water
replenishment of the Guanting Reservoir from 20 April to 20 May and from 14 October to
30 October 2020 were 1.67 x 108 m3 and 0.67 x 10® m3, respectively, whereas that for the
entire year was 2.34 x 108 m3 (http://swj.beijing.gov.cn/, accessed on 25 May 2021).

3. Materials and Methods
3.1. Analysis of Changes to the Groundwater Table

The present study analyzed groundwater table data released by the China National
Groundwater Monitoring Project for 82 Quaternary phreatic aquifer monitoring wells
(Figure 1) in the Yongding River (Beijing section) plain area from 20 April to 1 November
2020 (http:/ /jcgc.cigem.cn/wechat/, accessed on 25 May 2021), the wells depth ranging
between 21-84 m. Groundwater table data were selected for the first day (May 20) after
the end of ecological water replenishment in the spring of 2020, before and after high-
intensity precipitation during the rainy season (1 July and 1 September 2020) (Figure 2),
and the first day (1 November 2020) after the end of ecological water replenishment in
autumn. The changes in the groundwater table were compared to those from 20 April 2020
(before ecological water replenishment of the Yongding River) at four nodes using Kriging
interpolation analysis.

Kriging is a geostatistical technique that is used to interpolate a surface from a scattered
set of known points in which a continuous surface of values can be predicted between the
known locations [27]. Ordinary kriging is a simple and common kind of kriging method
that was used in this study. We used a tool called “Geostatistical Analyst” in ArcGIS 10.2 to
achieve interpolation of ordinary kriging [28,29]. The differences between estimated and
observed values were summarized using the cross-validation statistics described [30]. The
cross-validation statistics include the estimates of root mean square error (RMSE), average
standard error (ASE), and standard root mean square error (RMSSE). A smaller RMSE and
ASE indicate a closer observed and predicted by the empirical semivariogram models; the
closer the RMSSE is to 1, the better the estimated performance of the model [29,31].
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3.2. Calculation of Changes in Groundwater Storage
3.2.1. Calculation of Groundwater Storage Using the Improved Water Table
Fluctuation Method

The water table fluctuation method (Equation (1)) calculates groundwater recharge in
the limited spatial range covered by a single monitoring point according to changes to the
groundwater table and specific yield. However, this approach cannot accurately calculate
variations in groundwater storage at a regional scale. The present study divided the calcu-
lation area into several grids with the same area under the assumption of uniform variation
in the groundwater table and specific yield in a single grid. Variation in storage in the grid
was calculated by applying the area data to Equation (1), following which Equation (2)
was formulated. The unknown grid data were obtained through Kriging interpolation
according to variation in the groundwater table and specific yield at known points.

Ah
R—SyXE (1)
n
Q=) Ahj xSy xS, )

i=1

In Equation (1), R is the rate of groundwater recharge (mm d 1), Sy is the specific yield,
Ah represents fluctuation in the groundwater table over a certain period (mm), and At is
time (d). In Equation (2), Q is the change in groundwater storage (m3), Sy is the specific
yield, S; is the area of each grid (m?), Ahy; is the variation in the groundwater table in the ith
grid, and n is the grid number.

Equation (2) was used to calculate the change in groundwater storage (Q) in the
study area from 20 April to 1 November 2020. As shown in Figure 3a, the plain area of
the Yongding River (Beijing section) was divided into 59,675 (n) 200 m x 200 m grids.
The groundwater table and distribution of specific yield were obtained through Kriging
interpolation based on groundwater table data and specific yield (Sy) of 82 monitoring
wells [32,33] (Figure 3b). The changes in the groundwater table (Ah;) and specific yield (Sy)
during ecological water replenishment were assigned to each grid. The sum of all changes
in grid groundwater storage (Q) was calculated using Equation (2).

a

Legend
Specific yield

200m*200m grid map . 0‘@6
0 5 10 20
= w—— —km
Figure 3. Grid subdivision and parameter zoning in the plain area of Yongding River (Beijing section):
(a) grid map; (b) zoning of specific yield.
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3.2.2. Calculation of Groundwater Storage Using the Water Equilibrium Method

The results of the water table fluctuation method were verified using the water equilib-
rium method (Equation (3)) to calculate variation in groundwater storage in the plain area
of the Yongding River (Beijing section). The present study ignored phreatic evaporation
since the arithmetic mean buried depth of groundwater in the plain of the Yongding River
(Beijing Section) exceeds 20 m, 4 m beyond the evaporation limit.

Qc:Qr+P+Qsl+Qp_Qw_Q52 (3)

In Equation (3), Q. is the variation in groundwater storage in the plain area of the
Yongding River (Beijing section), P is groundwater recharge through precipitation (m?),
Qs1 and Qs2 are lateral inflow and lateral outflow (m?) of the aquifer, respectively, Qp
represents leakage of the urban pipe network (m?®), Qy is the volume of groundwater
exploited (m?), and Q; is groundwater recharge through river infiltration (m?). Water loss
for each hydrological station was calculated through analysis of runoff monitoring data
(http:/ /swj.beijing.gov.cn/, accessed on 25 May 2021), following which Q. was determined.
The aquifer from Luopoling Reservoir to Sanjiadian Reservoir in the gorge area of the
Yongding River (Beijing section) consists of exposed Ordovician limestone strata with
good channel permeability. Therefore, it was assumed that Q; constitutes all water loss
in the river in the gorge area. Q; in the plain areas was assumed to be zero since most
river channels in plain areas are artificially lined or impermeable. Q, was calculated to be
0.58 x 10® m3 through analysis of flow data of hydrological stations in Luopoling Reservoir
and Sanjiadian Reservoir.

P was calculated to be 3.42 x 10® m? through analysis of data from 11 rainfall stations
(http:/ /swj.beijing.gov.cn/, accessed on 25 May 2021) in the plain area of the Yongding River
(Beijing section) from April to November 2020 using the Tyson polygon method [34,35].

Q.1 and Qg were calculated to be 0.44 x 108 m3 and 0.02 x 108 m3, respectively using
Darcy’s Law [36].

Qp of the entire Beijing area is ~0.47 x10® m3, the leakage amount of the pipe network
comes from the statistical data of the Beijing Water Authority (http://swj.beijing.gov.cn/,
accessed on 25 May 2021). Q, of the plain area of the Yongding River (Beijing section) was
calculated to be 0.30 x 10® mg according to the proportion of the total population of Beijing
in the study area (~64%).

Qy for the plain of the Yongding River (Beijing section) in 2020 was estimated by
referring to the Statistical Yearbook of Beijing Water Supplies in 2020 (http:/ /swj.beijing.
gov.cn/, accessed on 25 May 2021). In 2020, the groundwater extraction in Beijing was
about 4.26 x 108 m3. The total population of the study area accounts for about 64% of
the total population of Beijing. Q,, was calculated to be 2.73 x 108 m3 according to the
proportion of the total population of Beijing falling in the study area.

3.3. Analysis of Factors Influencing the Effect of Ecological Water Replenishment on
Grounduwater Recharge

The influence of ecological water replenishment on groundwater recharge is regulated
by natural and anthropogenic factors. The natural factors mainly include topography,
hydrogeological conditions, and meteorological factors, whereas anthropogenic factors
include groundwater exploitation and utilization. Sufficient data for groundwater ex-
ploitation and utilization data in the plain area of the Yongding River (Beijing section)
could not be obtained in the present study. Therefore, the present study only considered
natural factors. Groundwater runoff is affected by elevation, and the Yongdinghe fault
zone provides a channel conducive to receiving Ordovician limestone water in the plain
area. Groundwater in the study area is mainly concentrated in the Quaternary strata.
The permeability and storage capacity of aquifers are important parameters regulating
the groundwater recharge process. In addition, precipitation is an important source of
groundwater recharge. Therefore, the natural factors selected in the present study included
ground elevation, the distance between the recharge point and the Yongdinghe fault zone,
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the thickness of the Quaternary strata, the permeability coefficient of the aquifer, specific
yield, and precipitation.

The ground elevation (F1) and the thickness of the Quaternary strata (F3) were charac-
terized by referring to data for 82 monitoring wells published by the National Groundwater
Monitoring Project (http://jcgc.cigem.cn/wechat, accessed on 25 May 2021). The distance
between the recharge point and the Yongdinghe fault zone (F2) was obtained by spatial
ranging in GIS. Precipitation (F4) data were obtained from the Beijing Water Resources
Bureau (http://swj.beijing.gov.cn/, accessed on 25 May 2021). The specific yield (F5)
and permeability coefficient (F6) of the phreatic aquifer were obtained from published
studies [14,33].

The Spearman correlation coefficient, implemented in the R language, was used to
analyze the correlation between the changes in the groundwater table and storage capacity,
topography, hydrogeological conditions, and meteorological factors during ecological water
replenishment of the Yongding River (Beijing section).

4. Results and Discussion
4.1. Changes to the Groundwater Table
4.1.1. Selecting the Best Fitted Variogram Models

The groundwater level change on 1 July 2020 was selected as the semi-variance
function fitting data. The fitted semivariograms are shown in Figure 4. Semivariogram
fits were performed using the Gaussian model, spherical model, J-Bessel model, and
exponential model. Among them, the spherical model had the best fitting effect. Therefore,
the spherical model was used to analyze the distribution of groundwater level changes.
Before semivariogram modeling, the spatial autocorrelation and directional influence
among the groundwater table changes data were checked. High semivariogram values
are mostly represented by east-west lines. Therefore, the spherical model takes into
account anisotropy.

Table 1 shows the fitting results of the empirical semivariogram. The semivariogram
shows better fitting results and spatial correlation. Spatial dependency is commonly
assessed in terms of the ratio of nugget (Cy) to sill (Cy + C) expressed in percentage. In this
respect, the groundwater level change values are considered strong spatial dependence
when the ratio value is less than 25%, moderate spatial dependence when this value is
between 25% and 75%, and weak spatial dependence when the value is greater than 75%.
From Table 1, we see clearly that the spatial dependence of the spherical model for the best
fitted semivariogram model is strong, with a ratio of 24%.

Table 1. Semivariogram models and model parameters.

Semi-Variogram  Nugget (Cp) p-Sill (C) Nugget-Sill Ratio (Cyp/(Cp + C) x 100%)
Gaussian 0.97 213 31%
Spherical 0.75 2.39 24%
J-Bessel 1.34 1.56 46%

Exponential 0.76 2.60 23%
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Figure 4. Empirical semivariance of 1 July data its fitted model: (a) Gaussian model, (b) Spherical
model, (c) J]-Bessel model, (d) Exponential model.

4.1.2. Cross-Validation of Model Performance

Cross-validation checks for the predictive models were performed to identify the
model’s accuracy before generating the prediction maps. Table 2 summarizes the cross-
validation results. In this method, the data were individually removed from the 82 actual
values and estimated from the remaining 81 data by means of the ordinary kriging tech-
nique. As stated earlier, both the RMSE and ASE should be as small as possible. The
groundwater level changes of 1-SEP showed the smallest RMSE and ASE, which were 1.13
and 1.23, respectively. In addition, all RMSSE are close to 1, indicating that the model has
correctly estimated the predicted variability.

Table 2. Cross-validation for the predictive models.

Types 20-May 1-July 1-September 1-November

RMSE 1.15 1.14 1.13 1.48
ASE 1.68 1.56 1.23 1.65

RMSSE 0.87 0.89 0.96 0.9

The standard error map of groundwater level change values spatial prediction is
shown in Figure 5. The spatial prediction errors map of groundwater level change values
shows the expected low errors near the observation wells. The standard errors near
observation Wells were all less than 0.7. These maps show that the error associated with
the estimate is low only in the western sector, while in the eastern sector there are errors
of more than 1.5-2 m. This may be due to the fact that there are fewer observation points
on the east side, resulting in a large error, but the ecological water replenishment area is
mainly on the west side, which has little impact on the calculation of water resources.
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Figure 5. Spatial prediction errors map of groundwater level change values ((a—d) are Spatial
prediction errors map of groundwater level change values on 20 May, 1 July, 1 September, and 1
November 2020, respectively.).

4.1.3. The Changes Law of Groundwater Level

The period of ecological water replenishment during spring extends from 20 April to
20 May 2020. A total of 38 monitoring points in the districts of Shijingshan, Fengtai, Haidian,
and Dongcheng showed increasing groundwater table levels on 20 May (Figure 6a), with
increases ranging between 0.1-4.8 m and an arithmetic mean increase of 2.3 m. The
arithmetic mean is calculated using the groundwater level of observation points. The area
in which the groundwater table level increases occurred was ~676 km?, accounting for
28.3% of the total area of the plain of the Yongding River (Beijing section) of 2387 km?. A
total of 44 monitoring points in the districts of Daxing, Chaoyang, Xicheng, and Changping
showed a decreasing groundwater table level (Figure 6a), ranging between 0.1-1.1 m with
an arithmetic mean of 0.6 m. The area in which decreases in the groundwater table level
occurred was ~1711 km?, accounting for 71.7% of the total area covered by the plain of
the Yongding River (Beijing section). There were significant increases in the groundwater
table in the northwest part of the Yongding River Plain (Beijing section) after ecological
water replenishment in spring on 20 May 2020. Meanwhile, falling regional groundwater
levels remained evident over large areas, possibly due to spring agricultural irrigation and
water outages for maintenance in the Beijing section of the middle route of the South-North
Water Diversion Project. Approximately 1400 hm? of winter wheat is planted on the plain
area of the Yongding River (Beijing section) every year, requiring spring irrigation from
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April to May [37,38]. The middle route of the South-to-North Water Diversion Project
supplied ~1 billion m® per year of water to Beijing from 2014 to 2020, accounting for
73% of the urban water supply. However, this diversion was halted on 1 June 2020 for
maintenance (http://www.mwr.gov.cn/, accessed on 25 May 2021). The resulting increased
demand for water resulted in increased groundwater exploitation and a decrease in the

groundwater level.
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Figure 6. Changes to the groundwater table in the plain area of the Yongding River (Beijing section).
During ecological water replenishment in 2020 ((a-d) show changes to the groundwater levels on 20
May, 1 July, 1 September, and 1 November 2020, respectively, as compared with that on 20 April 2020

during which ecological water replenishment was not conducted).
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On 1 July 2020, 2 months after ecological water replenishment, a total of 40 monitoring
points in the districts of Shijingshan, Fengtai, Haidian, and Dongcheng showed an increas-
ing groundwater table level (Figure 6b) ranging between 0.1-3.1 m, with an arithmetic
mean of 2.0 m. The increases in the groundwater table level covered an area of ~975 km?,
accounting for 40.8% of the total area of the plain of the Yongding River (Beijing section).
There were 42 monitoring points in the Daxing, Tongzhou, and Changping districts show-
ing groundwater levels decreasing by 0.1-3.0 m, and an arithmetic mean decrease of 1.3 m.
The area in which there were decreases in the water table level was ~1412 km?, accounting
for 59.2% of the total area of the Yongding River (Beijing section) (2387 km?). The range and
magnitude of the increase in the groundwater table level in the plain area of the Yongding
River (Beijing section) on 1 July 2020, 41 days after ecological water replenishment in spring,
further increased compared with that on 20 May. This result indicated a lag in the effect of
ecological water replenishment on groundwater recharge. Groundwater recharge through
river infiltration does not occur in the plain area of the Yongding River (Beijing section)
due to the implementation of artificial lining or seepage prevention. The Yongding River
fault zone facilitates the conduction of water. In addition, Ordovician limestone water in
the gorge area acts as a source of recharge of Quaternary groundwater in the plain area
through the Yongding River fault zone [39,40]. This leads to a lag in the effect of ecological
water replenishment on groundwater recharge. The unsaturated zone in the plain of the
Yongding River (Beijing section) may act as a buffer for groundwater recharge through
precipitation. The arithmetic mean decrease in the groundwater table increased by 0.6 m to
1.3 m on 1 July 2020, 41 days after ecological water replenishment, compared with that on
20 May 2020. This decrease in the groundwater table could be attributed to agricultural
irrigation and maintenance of the middle route of the South-North Water Diversion Project
(http:/ /www.mwr.gov.cn/, accessed on 25 May 2021).

A total of 77 monitoring points in the districts of Shijingshan, Fengtai, Xicheng,
Dongcheng, Haidian, and Chaoyang showed increasing groundwater levels (Figure 6c) on
1 September, 4 months after ecological water replenishment, with the increases ranging
between 0.1-5.1 m with an arithmetic mean of 1.9 m. Increases in the water table were
evident over an area of ~1933 km?, accounting for 80.9% of the total area of the plain of the
Yongding River (Beijing section). A total of five monitoring points in the Daxing District
showed decreasing groundwater levels, ranging between 0.1-3.0 m and an arithmetic
mean of 0.6 m. These decreases in the groundwater level were evident across an area of
~454 km?, accounting for 19.1% of the total area of the plain of Yongding River (Beijing
section). The proportion of the total area of the plain of the Yongding River (Beijing section)
in which a rising groundwater table was evident increased from 40.8% to 80.9% from 1 July
to 1 September 2020. Precipitation increased to 386 mm (Figure 2) during the rainy season.
Strong precipitation promoted groundwater recharge and reduced the range and degree of
decline in the groundwater table.

The period of ecological water replenishment in autumn extends from 14 October
to 30 October 2020. A total of 72 monitoring points in the districts of Shijingshan, Feng-
tai, Xicheng, Dongcheng, Haidian, and Chaoyang showed rising groundwater tables on
1 November 2020, (Figure 6d), with increases ranging between 0.1-9.1 m with an arithmetic
mean increase of 2.3 m. These increases in the groundwater table extended over an area
of 1757 km?, accounting for 73.6% of the total area of the plain of Yongding River (Bei-
jing section). A total of ten monitoring points in the Daxing District showed decreasing
groundwater levels ranging between 0.1-4.7 m with an arithmetic mean of 1.1 m. These
decreases in the groundwater table covered an area of 630 km?, accounting for 26.4% of the
total area of the plain of the Yongding River (Beijing section). The influence of ecological
water replenishment in autumn resulted in an arithmetic mean rise in the groundwater
table from 1.9 m to 2.3 m. The groundwater level decreased further compared with that
on 1 September, decreasing by an arithmetic mean of 1.1 m. The funnel of groundwater
decline appeared in the Daxing District, indicating overexploitation of groundwater by
industrial production (http:/ /www.mee.gov.cn, accessed on 25 May 2021).
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The monitoring point data indicated that the groundwater table in the gorge area
increased by an arithmetic mean of 20.2 m during ecological water replenishment. The
groundwater head (120 m) in the gorge area was much higher than the arithmetic mean
water head in the plain area (48 m). This higher hydraulic gradient provides a favorable
condition for recharge of the Quaternary aquifer groundwater in the gorge area through
the Yongding River fault zone. The higher hydraulic gradient provides more kinetic energy
for groundwater flow and is more conducive to aquifer recharge.

4.2. Analysis of the Effect of Groundwater Storage

The results of the water table fluctuation method showed that groundwater storage in
the plain of the Yongding River (Beijing Section) increased significantly from 20 April to
1 November 2020 (Figure 7) by 2.17 x 108 m3. The most significant increases were in the
districts of Shijingshan, Fengtai, and Haidian, with a total increase of 2.60 x 108 m3. These
districts are in the upper part of the alluvial-proluvial fan of the Yongding River, in which
the aquifer is mainly composed of single and double-layer sand pebbles. The medium
particles of this aquifer are coarse and water-rich and form “underground reservoirs in the
western suburbs” [41].
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Figure 7. Changes to groundwater storage in the plain area of Yongding River (Beijing section) after
ecological water replenishment on 1 November 2020.

Underground storage in the districts of Xicheng, Dongcheng, and Chaoyang increased
by 0.26 x 108 m3. The high level of urbanization in these districts reduces groundwater
seepage recharge through precipitation and runoff due to impermeable surfaces of human
infrastructure [42]. Moreover, these districts are a long distance away from the Yongding
River fault zone and are less affected by ecological water replenishment. Groundwater
storage in Daxing District decreased by 0.45 x 108 m?, mainly due to overexploitation of
groundwater by agricultural irrigation and industrial production.
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The water equilibrium relationship for 20 April to 1 November 2020 was established
(Table 3) to verify the results of the water table fluctuation method. The difference in the
variation in groundwater storage (Q.) in the plain area of the Yongding River (Beijing
section) as calculated by the water equilibrium method and the water table fluctuation
method was 0.18 x 10® m3, a deviation of 8.6%. The results of the water equilibrium method
showed that precipitation is the main source of groundwater recharge in the Yongding
River (Beijing section), accounting for 72% of the total recharge. The river infiltration (Qy)
is only considered in strata with good permeability, and there may be seepage in other
areas, which may lead to underestimation of river infiltration. The pipeline leakage (Qp) is
derived from government statistics, which may not fully enter the groundwater, leading to
an overestimation of pipe network leakage.

Table 3. Groundwater equilibrium elements of the plain area of the Yongding River (Beijing section).

Amount of Recharge and

Symbol Recharge and Excretion Factors Excretion (108 m®)
Qr River recharge 0.58
P Precipitation recharge 3.42
Q1 Aquifer lateral inflow 0.44
Qp Leakage of urban pipe network 0.30
Qw Artificial exploitation 2.73
Qs Aquifer lateral discharge 0.02

4.3. Factors Influencing Recharge of Groundwater Resources

Figure 8 shows the correlations between different natural factors and the fluctuation
in the groundwater table and change in water storage. Ground elevation showed a positive
correlation with groundwater recharge. The elevation of the plain area of the Yongding
River (Beijing section) decreases from northwest to southeast, with groundwater monitoring
points at higher elevations closer to the upper part of the alluvial-proluvial fan of the
Yongding River. Groundwater recharge in the northwest region of the plain occurs mainly
through ecological water replenishment and precipitation through the fault zone. The
groundwater table and water storage in these areas showed clear increases [43].

The distance between the recharge point and the Yongdinghe fault zone was negatively
correlated with groundwater recharge. The Yongdinghe fault zone acts as a channel
conducting Quaternary groundwater in the plain area. The distance of the monitoring
point from the Yongding River fault zone had an inverse relationship with the degree of
influence of overflow recharge. This result explains the lag within the fluctuation of the
groundwater table during ecological water replenishment (Figure 6a,b) and reflects the
mechanism of ecological water replenishment of the Quaternary aquifer through overflow
of the fault zone [44].

The thickness of the Quaternary strata was negatively correlated with groundwater
recharge. The thickness of the Quaternary strata in the Yongding River Plain increases
gradually from northwest to southeast. The effect of groundwater recharge was more
obvious in areas with thin Quaternary strata in the northwest, near the overflow recharge
area of the Yongding River fault zone. The area with thick Quaternary strata in the southeast
was located a far distance from the overflowing recharge area of the Yongding River fault
zone. Therefore, the effect of artificial exploitation of groundwater is stronger in this area,
whereas the influence of ecological water replenishment on groundwater recharge is weaker.
A Quaternary stratigraphic depression occurs in the upper part of the alluvial-proluvial
fan (Shijingshan and Haidian areas) of the Yongdinghe River (Beijing section), and the
burial depth of the bottom boundary of the lower Pleistocene strata is 100-250 m [45].
The aquifer in this area is composed mainly of sand gravel with a high specific yield and
permeability coefficient. In addition, the aquifer is closely related to overflow recharge and
lateral recharge of the mountain front of the Yongding River fault zone, thereby facilitating
conservation and storage of groundwater resources.
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Figure 8. The correlations between groundwater replenishment and various natural factors during
ecological water replenishment in the plain area of the Yongding River (Beijing section) (F1 is the
ground elevation, F2 is the distance between the recharge point and the Yongding River fault zone,
F3 is the thickness of Quaternary strata, F4 is precipitation, F5 is specific yield, F6 is the permeability
coefficient, V1 is the change in groundwater storage, and V2 is the fluctuation in the groundwater
table, n = 82, p-value < 0.05).

Precipitation was positively correlated with groundwater recharge. Precipitation is a
key factor affecting groundwater recharge [46]. The behavior of preferential flow and high
recharge in correspondence of faults is common in karst systems [40,47]. Groundwater
recharge through precipitation in the plain area of the Yongding River occurs by infiltration
of the unsaturated zone through surface runoff and through replenishment of Quaternary
groundwater by flowing into the river channel in the gorge area and overflowing through
the fault zone [48].

The specific yield and permeability coefficient of the aquifer were positively correlated
with groundwater recharge. Aquifers with higher permeability will generate preferential
flows and receive increased recharge during ecological water replenishment and precip-
itation [49]. An increase in the permeability of the aquifer generally results first in an
increase in groundwater storage followed by a decrease [50,51]. However, this rule does not
appear to apply to the plain area of the Yongding River (Beijing section), as the permeability
coefficient of the aquifer (10-200 m d!) is positively correlated with groundwater storage.

The effect of ecological water replenishment on groundwater recharge in the plain area
of the Yongding River (Beijing section) is regulated by surface elevation, the aquifer per-
meability coefficient, and specific yield. The topography of the plain area of the Yongding
River (Beijing section) is high in the northwest and low in the southeast. The sand gravel
beds with good permeability and water storage capacity deposited in the northwest of the
plain are affected by piedmont alluvial and diluvial deposition and are mainly recharged
through precipitation and ecological water replenishment.
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5. Conclusions

The impact of ecological water replenishment in 2020 on groundwater recharge in
the Yongding River (Beijing section) was obvious, with groundwater storage increasing
by 2.17 x 10® m3. During this period, 73.6% of the regional groundwater table increased
by between 0.1-9.1 m and an arithmetic mean of 2.3 m. There was a declining trend in
groundwater storage in the Daxing District. This indicates the need for more reasonable
allocation of water resources and a reduction in groundwater exploitation in this district.
The effect of ecological water replenishment on groundwater in the Yongding River was
positively correlated with surface elevation, aquifer permeability, and specific yield. The
distance of the recharge point from the Yongding River fault zone was inversely related to
groundwater recharge. A lag effect was evident in the influence of ecological water replen-
ishment on groundwater recharge. The behavior of preferential flow and high recharge in
correspondence of faults is common in karst systems. Ecological water replenishment had
the highest influence on recharge of the Ordovician limestone aquifer in the gorge area, and
karst water overflowed through the fault zone to resupply the Quaternary groundwater
in the plain area. The aquifer in the northwestern part of the Yongding River (Beijing
section) plain area characterized by a high water yield and coarse grains can act as a good
groundwater storage space and is most affected by ecological water replenishment. This
study can help to better understand the effect and impact of ecological water replenishment
on groundwater resource recharge and its implications for improving ecological water
replenishment projects.
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