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Abstract: Jinan, China, is famous for its springs. However, societal and economic development
over the past decades has detrimentally altered the natural water cycle in the spring area. Managed
aquifer recharge (MAR) is an effective measure to ensure the normal gushing of springs. Balancing
water resource utilisation, ecological effects, and water quality risks is not always easy to implement.
This study focused on the potential effects of MAR projects that divert water from multiple local
surface water sites, e.g., the Yellow River and South-to-North Water Diversion (SNWD) Project. A
numerical simulation model for the entire spring area was built using MODFLOW and MT3DMS.
The SNWD Project diverts water with relatively high total dissolved solids (TDS) to the Yufu River,
which consequently recharges groundwater and poses a potential risk to the downstream karst water
in the Jinan Spring area. Different simulation scenarios were set, and the results showed that the 90%
recovery ratio scheme yields the highest TDS reduction efficiency as well as the largest karst water
extraction volume. In addition, the water table remains stable as a whole. The benefits of the designed
scheme are multifold, including improving water quality up to Standard III groundwater quality
and meeting the water needs of the economy. The study provides a novel method of addressing the
groundwater quality risks posed by artificial recharge.

Keywords: managed aquifer recharge; release of multiple-source water in rivers; numerical simulation;
dual control of water quantity and quality; karst aquifer

1. Introduction

Managed aquifer recharge (MAR) is defined as the intentional recharge of aquifer
water for subsequent recovery or environmental benefits [1]. MAR plays a pivotal role in
mitigating the challenges associated with diminishing water resources due to seasonal and
cyclical variations [2,3]. A properly designed MAR system can enhance water quality by em-
ploying a combination of physical, chemical, and biological measures, thereby contributing
to the elimination of viruses, bacteria, organic compounds, and other contaminants [4].

Numerous studies published in the field cover various aspects of MAR, including
water recycling [5], recharge and recovery using wells [6], technologies and engineering
for artificial recharge [7], riverbank filtration [8], MAR case risk assessment [9], sustainable
groundwater management through artificial recharge [10,11], the progression of MAR
practices in China, USA, and Europe [12-14], and the historical evolution of artificial
recharge in the coastal dunes of the Netherlands [15].

Some examples of operational MAR systems include the large-scale infiltration basins
in the Burdekin Delta in Queensland, Australia [16], the subsurface infiltration galleries of
the aquifer recharge system of Geneva in Switzerland [17], the aquifer storage and recovery
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system in the Upper Floridian Aquifer System in the USA [18], underground dams in
Shandong Peninsula, China [13], and the Amsterdam Water Supply Dunes system in the
Netherlands [15].

Various forms of MAR technology engineering typically involve using natural chan-
nels or artificial facilities to establish a hydraulic connection between surface water and
groundwater [19-21]. However, designing and testing an artificial recharge project can be
time-consuming and expensive. Therefore, numerical models are widely used in MAR
design and impact assessments. Ringleb et al. [22] reviewed model tools for MAR inves-
tigations based on a survey of studies published over the past 30 years; the most widely
used models include MODFLOW, MT3DMS, and SEAWAT, which are mostly applied in
feasibility studies, system optimisation, computing residence time, and simulating temper-
ature variations. Examples of such studies include those by Jonoski et al. [23] on optimising
infiltration and pumping systems, Chenini and Mammou [24] on feasibility assessment,
Hashemi et al. [25] on estimating the floodwater spreading recharge rate, and Pranisha
Pokhrel et al. [26] on the infiltration capacity of ponds and drawdown assessment.

Numerical simulations have emerged as a popular research topic, enabling the analy-
sis and resolution of complex problems related to production volume and water quality
after recharge during the design and operation phases. Moreover, numerical modelling
has proven to be particularly useful in three distinct groundwater application areas: devel-
oping management strategies to optimise identified objectives, understanding assumed
hydrogeological conditions, and evaluating forecast scenarios [22,27,28].

China’s implementation of the middle route of the South-to-North Water Diversion
(SNWD) Project facilitated large-scale water release and supplementation in the area where
the SNWD Project has been implemented within the North China Plain, utilising natural
channels such as the Hutuo and Juma Rivers. By 2022, the cumulative water release
had reached 9 billion m3. Since 2015, Jinan City’s Yufu River has annually released an
average of 25 million m® of water to Jinan Springs, sourced from the SNWD Project,
the Yellow River, and local surface water. China is currently prioritising external water
transfers to restore overexploited groundwater environments. However, research regarding
optimising the economic benefits of water release, source water recharge, and their impacts
on groundwater quality is insufficient.

As elucidated by Hui-zhen et al. [29], the total dissolved solids (TDS) concentration
in groundwater within the study area was below 600 mg/L, which can be attributed to
the acceleration of groundwater circulation and the subsequent reduction in groundwater
residence time owing to extraction and utilisation activities. Accordingly, TDS concentration
and water quality risks can be reduced by increasing groundwater extraction, accelerating
groundwater circulation, and shortening groundwater residence time.

This study primarily addressed two key aspects: the potential water quality risks
associated with long-term SNWD-induced groundwater recharge in the highly permeable
zone of the Yufu River and whether source recharge may lead to water quality risks
by exploring strategies for risk reduction and elimination while ensuring sustainable
water supply without creating extensive drawdown funnels. The overarching goal is to
achieve multi-objective outcomes encompassing spring water preservation, water quality
enhancement, and improved supply efficiency.

2. Study Area and Project Design
2.1. Geography

The Jinan Spring area, situated in the central region of Shandong Province, has an
average annual precipitation of 647.9 mm and potential evaporation of 2263.0 mm. Most
of the precipitation and evapotranspiration occur from June to September. Atmospheric
rainfall is typically the primary source of groundwater [30]. Geographically, the study
area is delineated by the Mashan Fault to the west, the Dongwu Fault to the east, the
lower reaches of the Zhangxia Formation within the Middle Cambrian system to the south,
and an igneous rock formation to the north. It encompasses an approximate expanse
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of 1315 km?. The prevalent phreatic aquifer is predominantly composed of Quaternary
Holocene and Upper Pleistocene strata, with its texture characterised by medium-coarse
sand and gravel layers and its depths varying between 10 and 40 m. Directly underlying this
is the seepage layer, which is a clay layer situated beneath the base of the phreatic aquifer.
The third layer encompasses the confined aquifer, primarily composed of the Cambrian
Zhangxia Formation, upper segments of the Chaomidian Formation, and Ordovician
limestone. Within this region, the major rivers include the Yellow, Xiaoqging, and Yufu
Rivers. Originating from the surface runoff of the Jinxiu, Jinyang, and Jinyun Rivers in
the mountainous southern area of Jinan, these waters flow into the Wohushan Reservoir,
eventually exiting the reservoir’s confines. The locations of the Jinan Spring Catchment
and urban spring groups are shown in Figure 1.
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Figure 1. The location of the Jinan Spring catchment and urban spring groups [31].

Due to the interception of the Yufu River by the reservoir, the natural flow of the Yufu
River has been altered, transforming it into a fragmented river system influenced by human
intervention. The section of the Yufu River extending from Dongkema Village to Cuima
Village falls within a significant seepage zone, where river water infiltrates the ground and
recharges the groundwater. This robust seepage zone spans 5560 m in length and 50 m in
width. The gradient of the riverbed is 1/500, indicating distinct features of karst landforms.
The location of the study area and the section location of the strong seepage zone are shown
in Figure 2.
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Figure 2. The location of the study area and the section location of the strong seepage zone [32].

2.2. Geology and Hydrogeology

The study area, located at the northern base of Mount Tai, generally exhibits a monocli-
nal geological structure characterised by Palaeozoic strata that form the primary geological
composition. These strata display a gradual northward dip with an inclination angle of
approximately 10°. River water, as it flows through the permeable skylight created by the
robust seepage zone, supplies the karst aquifer. The vertical extent of the strong seepage
zone spans 20-25 m and consists of Quaternary gravel layers. Beyond this lies a layer
composed of Cambrian Zhangxia Formation limestone and the Xuzhuang Formation at a
depth of 140-180 m, which acts as an aquitard.

The depth of the aquifer progressively increases downstream in alignment with the
terrain. The Chaomidian fault in the study area exhibits excellent water conductivity. The
Yufu River follows a northern trajectory along the Chaomidian fault zone, originating in
Luoerzhuang. Rivers play a pivotal role in providing water to the western region of Jinan.
The Cambrian karst water in the study area supplies Ordovician limestone karst water to
the Jinan Spring area. This transfer occurs through a water-conducting channel formed by
faults, ultimately resulting in the emergence of spring water.

The Wohushan Reservoir has a drainage area of 557 km?, accounting for approximately
67% of the total drainage area. The reservoir has a total designed storage capacity of
118.5 million m®.

The longitudinal geological profile of the Yufu River and a conceptual model of the
geological structure are shown in Figures 3 and 4, respectively.

The water table in the study area gradually decreases from south to north, with
decreasing values ranging from 3 to 5 m.
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Figure 3. Longitudinal geological profile of the Yufu River.
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Figure 4. Conceptual model of special geological structures.

2.3. Structure of the Artificial Recharge Project

To ensure an ample recharge water supply, Jinan has undertaken three projects to
sustain sufficient water resources during the Yufu River recharge process (Figure 5). Cur-
rently, the most prominent initiative is the SNWD Project, which facilitates the provision
of Yangtze River water to the Yufu River. This source has an average annual volume of
approximately 25 million m3. Additionally, Yellow River water is pumped into the river to
recharge the karst aquifer, and the water stored within the reservoir can be released directly
into the Yufu River channel through the Wohushan Reservoir. This dual-purpose action
not only facilitates flood control before flood events but also serves as a water source for
the Yufu River.

The diverse artificial recharge projects collectively form a recharge characteristic
model that includes multiple water sources within the Yufu River system. Although these
measures ensure sufficient water availability, challenges persist because of the elevated
sulphate concentration associated with the SNWD Project. Consequently, artificial recharge
efforts for the Yufu River encounter both water management and water quality risks.
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Figure 5. Artificial recharge project of the Yufu River [33].

2.4. Surface Water and Groundwater Monitoring Systems

The project incorporates three monitoring sections designated for the surveillance of
groundwater recharge (Figure 3). The initial section is similar to that of Dongkema Village.
Due to the elevated water table within the Quaternary strata, only one monitoring well (Q1)
was established to gauge the Quaternary aquifer. The second section, positioned near the
Cuima Bridge, encompasses two monitoring wells: one for the Quaternary pore water (Q2)
and the other for the Zhangxia Formation karst water (S1). The third section is situated
near the right bank of the Wenshan pumping station and features monitoring wells for
Quaternary pore water (Q3) and Ordovician karst water (52). The project monitored the
water table, temperature, and conductivity, facilitated by automated remote monitoring
devices. Furthermore, the quantity of water discharged during each reservoir release cycle
was documented by either the pumping station or the reservoir management department.

The observation data for the groundwater table is shown in Figure 6.
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Figure 6. Water table monitoring data.
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3. Methods
3.1. Overview

A conceptual model of the regional groundwater flow system was established, fol-
lowed by the construction of a numerical groundwater flow model. Scenario simulations
were conducted to predict the potential pollution risks to the water source. Multiple ground-
water extraction schemes have been designed to enhance groundwater circulation and
expedite TDS dilution, thereby mitigating water source quality risks. Various schemes have
been evaluated with respect to their economic benefits and ecological and environmental
risks, which is expected to facilitate the selection of an optimal scheme.

The study framework is shown in Figure 7.
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Figure 7. Study framework.

3.2. Conceptual Model of Groundwater Flow System

The aquifer system of the Jinan Spring area comprises two parts: a Quaternary porous
media aquifer and a karst fissure aquifer. The top is an unconfined aquifer composed
mainly of sandstone and gravel (representing the Quaternary in the northern region). A
low-permeability aquifer composed of clay underlies the unconfined aquifer, while the
bottom unit consists of Cambrian and Ordovician strata, constituting a confined aquifer.
The geographical boundaries are demarcated by the Mashan and Dongwu faults in the
west and east, respectively.

3.3. Numerical Model
3.3.1. Spatiotemporal Numerical Discretization

Groundwater, along with its changing quality within the study field, was simulated by
linking MODFLOW with MT3DMS or PODMT3DMS [34], respectively. The 1315 km? area
was horizontally discretized into a grid of 100 x 100 cells. Vertically, it was divided into
three layers, with elevations ranging from —578 to 763 m a.s.1. The spatial distribution of the
thickness of each layer was derived from drilling data, geological maps, and remote sensing
data. Hydraulic parameters such as the permeability coefficient (K), specific yield (Sy),
and specific storage (Ss) were assigned based on the collected drilling data and pumping
test results. The spatial partitioning of the hydraulic parameters of each layer is shown in
Figure 8.
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C) (b)

(©)

Figure 8. (a) Spatial distribution of non-confined aquifer hydraulic conductivity. (b) Spatial dis-
tribution of aquitard hydraulic conductivity. (c) Spatial distribution of confined aquifer hydraulic
conductivity.

The simulation timeframe was divided into three phases. The first phase (1 October
2012 to 30 September 2013) was set for model calibration, involving a comparison of simu-
lated head values with monitored ones. The second phase (1 October 2013-20 September
2014) served for model validation. The third phase (November 2017-November 2027)
involved predicting the impact of river water recharge on groundwater under different
scenarios.
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3.3.2. Boundary Conditions

The faults demarcate the northern, western, and eastern boundaries, which were set as
impermeable barriers. The southern boundary was set as an impermeable barrier because
the Cambrian metamorphic rocks in the area south of the study area have poor water,
and it is difficult to recharge the aquifer of the study area to the south. Surface water
and groundwater interconnections allow the assignment of water head boundaries, with
the measured river water level data applied. Precipitation infiltration, river seepage, and
phreatic evaporation at the top of the surface were considered. The mean precipitation
amounts for the two stress periods were incorporated (731 and 497 mm, respectively), and
precipitation infiltration was calculated by multiplying the precipitation quantities and
infiltration coefficients (Figure 9).

8000 16000 24000 32000 40000

Quaternary and Chaomidian Formation
Lower Cambrian and Zhangxia Formation

Ordovician System

lIl Urban area

Figure 9. Spatial distribution of precipitation infiltration coefficient.

3.3.3. Initial Conditions

The groundwater contour map was imported into the model and combined with the
observed water table data from the monitoring wells. The initial groundwater flow field
was formed through spatial interpolation as the initial condition for model calculation. The
initial flow field data selected for this model were obtained from water table data measured
on 1 October 2012.

According to reference literature and water quality data, the initial value of TDS in the
model was set to 500 mg/L [35], and the TDS values of Yufu River water and precipitation
were set to specific fixed values of 1035 and 31.8 mg/L, respectively.
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In this context, the groundwater infiltration and recharge project was assumed to have
been conducted for 10 years, and according to the TDS background level (about 1000 mg/L)
of SNWD Project water, the TDS concentration of the recharged water was assumed to be
1000 mg/L (Standard III groundwater quality). An assessment of groundwater pollution
risk levels ensues.

3.4. Model Calibration and Validation

The calibrated parameters are listed in Tables 1-3. The three layers, from top to bottom,
were divided into 14, 5, and 38 zones, respectively. In unconfined aquifers characterised by
a predominant pebble-gravel sediment layer, the horizontal hydraulic conductivity (Ky,)
ranges from 3 to 18 m/day, with the vertical hydraulic conductivity (Ky) typically being an
order of magnitude lower than Kj,. The specific yield (Sy) varies within the range of 0.03 to
0.18 for this setting. Ky is notably lower in aquitards, ranging from three to four orders of
magnitude lower than that in unconfined aquifers. In confined aquifers, Ky, ranges from
0.15 to 120 m/day.

Table 1. Hydraulic parameters of unconfined aquifers.

No. K}, (m/d) Ky (m/d) Specific Yield
1 21 2.1 0.13
2 3 0.3 0.15
3 18 0.6 0.03
4 9.3 0.31 0.12
5 14.6 0.49 0.03
6 15 0.5 0.15
7 16.5 0.55 0.02
8 12.6 0.42 0.03
9 8 0.08 0.11
10 13.4 0.45 0.18
11 15 0.5 0.03
12 12.6 0.42 0.13
13 10.5 0.35 0.04
14 15 0.5 0.04

Table 2. Hydraulic parameters of aquitards.

No. Kj;, (m/d) K, (m/d)
1 1.0 x 1074 1.0 x 1074
2 1.0 x 1073 1.0 x 1073
3 1.0 x 1073 1.0 x 1073
4 1.0 x 1073 1.0 x 1073
5 1.0 x 10~° 1.0 x 107°

Table 3. Hydraulic parameters of confined aquifers.

No. Ky, (m/d) Ky (m/d) Storage Coefficient
1 6 0.6 220 x 107°
2 1 0.1 2.00 x 1074
3 30 3 1.00 x 10~°
4 100 10 5.00 x 106
5 50 5 2.00 x 107
6 80 8 2.00 x 10~°
7 80 8 7.00 x 1075
8 10 1 1.30 x 107>
9 65 6.5 5.00 x 10~°
10 65 6.5 520 x 10~°




Water 2023, 15, 3930

11 of 21

Table 3. Cont.

No. K}, (m/d) Ky (m/d) Storage Coefficient
11 50 5 7.00 x 106
12 60 6 850 x 10~°
13 5 0.5 6.30 x 101
14 0.8 0.08 3.80 x 107°
15 20 2 2.00 x 10~
16 15 1.5 1.50 x 1074
17 120 12 8.00 x 10~
18 120 12 1.00 x 105
19 30 3 5.20 x 107°
20 120 12 430 x 107>
21 50 5 2.00 x 107>
22 0.2 3.00 x 10~°
23 1 0.1 8.00 x 10~
24 0.3 0.03 7.50 x 105
25 1 0.1 550 x 10~°
26 1 0.1 5.50 x 107°
27 4 04 3.00 x 10~°
28 0.15 0.015 7.50 x 10~
29 0.05 0.005 7.00 x 105
30 0.5 0.05 1.50 x 1074
31 15 0.15 1.50 x 10~
32 0.5 0.05 5.30 x 10~°
33 0.25 0.025 1.00 x 104
34 0.2 0.02 7.00 x 105
35 0.1 0.01 3.00 x 10~4
36 0.3 0.03 1.70 x 1074
37 0.3 0.03 1.50 x 104
38 0.3 0.03 2.00 x 1074

The calibration period spanned from 1 October 2012 to 30 September 2013, while the
validation period was extended from 1 October 2013 to 30 September 2014, encompassing
the subsequent hydrological year. The model parameters and boundary conditions were
adjusted using a trial-and-error method, and the developed numerical groundwater flow
model was progressively refined to better emulate the actual hydrodynamic field. Notably,
the lithological parameters of the model were optimised to align more closely with the
real hydrogeological conditions. The fitting results for both the calibration and validation
periods are shown in Figures 10 and 11, respectively. The commendable agreement between
the simulated and measured values confirmed the reliability and precision of the model.
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Figure 10. Comparison between observed and calculated hydraulic head values during the parameter
identification period. The following subfigures are presented: (a) hydraulic head at Well 1; (b) hy-
draulic head at Well 2; (c) hydraulic head at Well 3; (d) hydraulic head at Well 4; (e) hydraulic head at
Heihu Spring; (f) hydraulic head at Baotu Spring.
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Figure 11. Fitting of observed and calculated values of the hydraulic head during the parameter
validation period. (a) Hydraulic head at Well 1; (b) hydraulic head at Well 2; (c) hydraulic head
at Well 3; (d) hydraulic head at Well 4; (e) hydraulic head at Heihu Spring; (f) hydraulic head at
Baotu Spring.

4. Results and Discussion
4.1. TDS Risk and Optimisation Strategy Analysis

Through the analysis of the data in Figure 6, a direct correlation exists between the
water table in the monitoring well and the volume of water released. When the discharge
volume remained consistently above 200,000 m? for several consecutive days, the water
table in the monitoring well remained elevated. Conversely, as the discharge volume
decreased, the water table of the monitoring well dropped.

Analysis of long-term TDS monitoring data, spanning from September 2017 to June 2020,
as depicted in Figure 12, revealed significant fluctuations in the values of TDS when the
reinjection water interacted with the groundwater within the monitoring well. Notably, TDS
peaks in brief timeframes coincided with abrupt increases in water release in November 2017,
April 2018, and June 2019. These occurrences suggest marked disparities between the quality
of the reinjection water and that of the local groundwater, posing a risk to the overall water
quality. Although the TDS values decreased over time, they consistently remained higher
than the initial groundwater value post-mixing, signifying altered karst water quality due to
recharge water-groundwater interactions.

The TDS value of the source water from the SNWD Project considerably surpasses
that of local groundwater, with the average sulphate concentration reaching 317 mg/L,
0.268 times higher than the Class III limit stipulated in the “Standard for Groundwater
Quality” (GB/T 14848-2017). This elevated sulphate content is a prominent risk factor
affecting health and the environment. While reducing sulphate levels in the SNWD Project
water below the limit through pretreatment is challenging, leveraging the lower sulphate
content in western Jinan karst water (18-65 mg/L) might be a viable option. This involved
controlling the SNWD Project’s released water volume as well as mixing and diluting it with
local karst water to achieve sulphate levels below the limit. Coupled with supplementary
pumping, this strategy accelerates recharge cycles, ultimately achieving the objectives of
safeguarding, utilising, and enhancing water quality.

Furthermore, strict sulphate treatment and discharge control measures in the Nansi
Lake Basin associated with coal mine effluents in the Shandong segment of the SNWD
Project, along with centralised industrial and domestic wastewater treatment, will collec-
tively ensure that the SNWD Project water adheres to regulatory standards.

The notably elevated TDS values in the SNWD water, primarily attributed to excessive
sulphate, underscore the choice of TDS as the solute for numerical simulations. This
approach highlighted the influence of water recharge from the SNWD Project, with sulphate
as a pivotal risk factor for TDS within the karst groundwater of western Jinan.
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Figure 12. Total dissolved solid monitoring data.

4.2. Impact of Artificial Groundwater Recharge on TDS Concentration

The ineffective recharge of Quaternary pores or surface water flow was attributed to
the rapid flow velocity within the inclined riverbed situated in the foothills. Notably, these
dynamics reduce the efficiency of karst water recharge. The timing of the Yufu River’s
water release during the dry season was synchronised with the spring discharge patterns
in Jinan.

To anticipate the potential repercussions of the artificial recharge initiative on ground-
water quality following 10 years of implementation of the SNWD Project, the forecast
interval spanned from November 2017 to November 2027. The recharge volumes are listed
in Table 4. The primary source of water was the SNWD Project. Taking a conservative
approach, it was assumed that all recharge water originated from the SNWD Project. Under
this assumption, the projected annual average water release was 22.4 million m3.

Table 4. Artificial recharge volume.

2017 2018
210 21

Year 2019

1.3

Total recharge volume (X 10% m?)

Referring to the findings of Wenliang et al. [32], an optimal pumping strategy was
established at 200,000 m® per day, achieving an impressive effective infiltration rate of
67.2%. Consequently, the calculation for the effective infiltration volume corresponding to
this scheme was 15.05 million m?.

Based on the simulation results (Figures 13 and 14), a discernible trend emerged, in
which the TDS concentration field expanded progressively, leading to an eventual increase
in the overall TDS concentration near the water source. Notably, the area affected by the
510 mg/L contour line spans approximately 289.3 km?. Conversely, the region delineated
by the 1000 mg/L contour line surpassed the water quality standards, occupying an area
of 20.25 km?. Consequently, the use of SNWD for karst water recharge, when exclusively
recharging without concurrent groundwater pumping, is susceptible to water quality risks.
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Figure 13. The time-varying trend of total dissolved solids (TDS) concentrations in six groundwa-
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Figure 14. Simulation results depicting the temporal evolution of spatial total dissolved solids
concentration distribution over 10 years during the karst water recharge process through the robust
seepage area of the Yufu River. This recharge process uses water sourced from the SNWD Project. The
following time intervals are illustrated: after (a) 360 days; (b) 720 days; (c) 1080 days; (d) 1800 days;
(e) 2520 days; and (f) 3600 days.

4.3. Pumping Optimisation and Water Quality Scenario Simulation
4.3.1. Water Source Exploitation Plan

Without significantly increasing the funnel area and affecting the normal gushing
of spring water, the pumped volumes of the four water sources, including the western
Jinan area (Qiaozili, Lengzhuang, and Gucheng), Emei, Dayang, and Lashan, were set to
190, 60, 20, and 5 thousand m3 per day, respectively [36].

The distributions of the six principal water sources, along with their supply and
extraction limitations, are outlined in Table 5.

Table 5. Water supply capacity and limited production of six groundwater sources.

Name

Qiaozili Lengzhuang  Gucheng Emei Dayang Lashan

Water supply capacity (x10% m?) 100 38 98 93 93 38

Limited pumping volume (x 103 m?) 190 60 20 5

Within the limitations posed by the water supply capacity and exploitation regulations
for the six water sources, three distinct strategies were devised, each predicting varying
proportions of exploitation. These strategies were employed to simulate alterations in TDS
concentrations and water tables across six water sources under artificial recharge conditions.

Drawing upon the findings of Wenliang et al. [32], the effective recharge volume for the
Yufu River artificial recharge initiative is 15.05 million m3. In this context, the designated
pumping volumes corresponded to 50, 75, and 90% of the effective infiltration volume. The
simulated results of different pumping strategies are presented in Table 6.
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TDS mg/L

Table 6. Groundwater sources pumping scheme during recharge period.

Name 50% 75% 90%
(x10% m3) (x10% m3) (x10% m3)
Qiaozili 2.9 4.3 5.2
Lengzhuang 43 6.5 7.8
Gucheng 7.2 10.8 13.0
Emei 4.3 6.5 7.8
Dayang 1.4 22 2.6
Lashan 0.4 0.5 0.7
Total 20.6 30.9 37.1

4.3.2. Numerical Simulation of Various Pumping Strategies under Recharge Conditions

Based on the computational results (Figure 15 and Table 7), the exploitation of water
sources emerged as an effective means of reducing water quality risks. Remarkably, the
TDS concentration remained relatively stable, even with increased water pumping.
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Figure 15. Total dissolved solids (TDS) concentration changes in groundwater sources over time
under different pumping conditions: (a) Groundwater extracted at a 50% limited extraction volume.

(b) Groundwater extracted at a 70% limited extraction volume. (c¢) Groundwater extracted at a 90%

limited extraction volume.
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Table 7. Concentration trend of total dissolved solids under different pumping schemes (mg/L).

Name Qiaozili  Lengzhuang Gucheng Emei Dayang Lashan Total

Initial concentration 500.00 500.00 500.00 500.00 500.00 500.00 500.00
0% 506.61 579.70 564.19 610.50 641.94 672.60 595.92

ACqe, 6.61 79.70 64.19 110.50 141.94 172.60 95.92

50% 504.01 554.11 544.40 581.62 592.24 638.62 569.17

ACsp9, 4.01 54.11 44.40 81.62 92.24 138.62 69.17

(ACoe, — ACsq)/ ACqy, 39.33% 32.11% 30.83% 26.14% 35.01% 19.69% 27.89%
75% 503.58 541.57 533.72 552.65 564.93 609.55 551.00

ACrs9, 3.58 41.57 33.72 52.65 64.93 109.55 51.00
(ACoe, — ACys09,)/ ACqy, 45.84% 47.84% 47.47% 52.35% 54.26% 36.53% 46.83%
90% 503.05 520.68 512.21 534.25 553.66 582.77 534.44

ACgp, 3.05 20.68 12.21 34.25 53.66 82.77 34.44
(ACoe — ACoq)/ ACqy, 53.86% 74.05% 80.98% 69.00% 62.20% 52.05% 64.10%

As shown in Figure 16 and Table 8, under the conditions of no exploitation and
50, 75, and 90% exploitation, the water table rose in a wave-like manner without forming
a descending funnel, and the water table was 4.17, 2.37, 1.47, and 1.05 m higher than the
background value, respectively.
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Figure 16. Differences in water tables in the six water sources under different schemes: (a) Ground-
water extracted at a 100% limited extraction volume. (b) Groundwater extracted at a 50% limited
extraction volume. (c¢) Groundwater extracted at a 70% limited extraction volume. (d) Groundwater

extracted at a 90% limited extraction volume.
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Table 8. Groundwater table values under different scenarios at the end of the simulation period.

Name Initial 0% AHyq, 50% AHj5qe, 75% AHgyso, 90% AHgge,
Qiaozili 33.12 37.90 4.79 36.47 3.35 35.76 2.64 35.44 2.32
Lengzhuang  33.16 37.77 4.61 35.97 2.81 35.08 1.92 34.65 1.49
Gucheng 32.66 37.08 4.43 35.01 2.35 33.98 1.32 33.46 0.80
Emei 35.51 39.85 4.34 37.49 1.98 36.31 0.80 35.74 0.23
Dayang 37.45 41.10 3.65 39.44 1.98 38.61 1.16 38.26 0.81
Lashan 38.22 41.46 3.24 39.94 1.72 39.18 0.96 38.88 0.66
Average 35.02 39.19 417 37.39 2.37 36.49 1.47 36.07 1.05

Comparative analysis of the computational results revealed that the TDS concentration
experienced the most substantial reduction under the 90% pumping scenario. Simulta-
neously, the average water table decreased by 1.05 m. Critically, this reduction does not
culminate in the formation of a descending funnel, thus adhering to the water table control
requisites. Overall, this strategy is recommended.

The predictive outcomes closely aligned with the tracer test findings of previous
studies, such as those of Qin et al. [37,38]. Notably, these tracer test results indicate that
the principal impact region of the Yufu River source was aligned with the direction of the
Chaomidian fault. It is estimated that the proportion of groundwater that is recharged by
rivers can reach 48%.

4.4. Limitations of the Model

Numerical models can be used to optimise recharge volume and evaluate recharge
performance; however, there are still some limitations. First, the complexities of small-scale
geology, such as preferential flow paths, cannot be resolved or described appropriately
using large-scale models. For large-scale models, topographically driven flow can be well
represented but may not adequately capture localised regional hydraulic responses. Second,
the range of springs is relatively large. In addition to centralised water sources, there are
limited statistics on the exploitation of groundwater in rural areas for domestic use and
irrigation. Therefore, human impacts on groundwater may not be fully represented in
the models.

5. Conclusions

In this study, numerical simulations were employed to assess the TDS water quality
risk arising from the infiltration of SNWD water into the downstream and spring areas
of the Yufu River strong seepage zone in the upper reaches of the Jinan Spring region.
Building on this foundation, simulations and comparisons were conducted to gauge the
divergent impacts of three distinct pumping combinations in the downstream water source
area to mitigate TDS water quality risks. The principal findings are summarised as follows:

1. The recharge strategy without concurrent pumping resulted in TDS water quality
risks for the six major water sources downstream. Simulation results revealed an
expanding TDS concentration field with the ongoing operation of the recharge project,
culminating in an overall increase in the TDS concentration near the water source.
By the conclusion of the 10-year simulation period, the area influenced by TDS near
the water source encompassed 289.3 km?, while the region where water quality is
compromised (TDS > 1000 mg/L) spanned 20.25 km?.

2. Water recovery initiatives, apart from ensuring a stable water supply, offer the added
advantage of reducing or potentially eliminating the water quality risks associated
with recharge. Comparative assessments revealed that under a 90% recovery ratio,
the highest efficiency in TDS reduction and the maximum volume of extracted water
were attained. Simultaneously, water tables remain stable or even increase slightly,
effectively catering to the imperatives of economic and ecological benefits.
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This study provides a novel method for addressing the groundwater quality risks
caused by artificial recharge. Furthermore, the results shed light on the benefits provided
by managed aquifer recharge projects and hint at their potential to resolve the water crisis
from the perspective of water quantity as well as quality.
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