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Abstract: To keep groundwater levels stable, Jinan’s government has implemented several water
management measures. However, considerable volumes of dissolved organic carbon (DOC) can
enter groundwater via water exchange, impacting groundwater stability. In this study, a SWAT-
MODFLOW-RT3D model designed specifically for the Yufu River Basin is developed, and part of the
code of the RT3D module is modified to simulate changes in DOC concentrations in groundwater
under different artificial recharge scenarios. The ultimate objective is to offer valuable insights into
the effective management of water resources in the designated study region. The modified SWAT-
MODFLOW-RT3D model simulates the variations of DOC concentration in groundwater under three
artificial recharge scenarios, which are (a) recharged by Yellow River water; (b) recharged by Yangtze
River water; and (c) recharged by Yangtze River and Yellow River water. The study shows that
the main source of groundwater DOC in the basin is exogenous water. The distribution of DOC
concentration in groundwater in the basin shows obvious spatial variations due to the influence of
infiltration of surface water. The area near the upstream riverbank is the earliest to be affected. With
the prolongation of the artificial recharge period, the DOC concentration in groundwater gradually
rises from upstream to downstream, and from both sides of the riverbank to the surrounding area. By
2030, the maximum level of DOC in the basin will exceed 6.20 mg/1. The Yellow River water recharge
scenario provides more groundwater recharge and less DOC input than the other two scenarios. The
findings of this study indicate that particularly when recharge water supplies are enhanced with
organic carbon, DOC concentrations in groundwater may alter dramatically during artificial recharge.
This coupled modeling analysis is critical for assessing the impact of recharge water on groundwater
quality to guide subsequent recharge programs.

Keywords: dissolved organic carbon; SWAT-MODFLOW-RT3D; surface and groundwater solute
transport modeling; artificial recharge

1. Introduction

The redistribution of water resources on a spatial and temporal scale can be achieved
through engineering or management measures such as constructing reservoirs, inter-basin
water transfers, and artificial recharge [1]. Large-scale water transfer programs have been
undertaken worldwide to address water imbalances [2]. For example, the North-South
Water Diversion Project (SWP) in California, USA [3], and the South-North Water Diversion
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Project (SNWTP) in China [4]. Managed Aquifer Recharge (MAR) is a common form of
artificial recharge and is widely used to maintain groundwater levels [5]. Recently, the
Turkish government has successfully mitigated the depletion of the glizelyurt aquifer
through water supply projects [6]. Over time, more and more individuals have realized
the value of MAR for aquifer recharging. It has also been lauded as the most cost-effective,
robust, and socially acceptable solution to local water resource challenges [7]. One of
the often-employed MAR approaches, induced bank infiltration, raises the river level to
increase the interaction between the river and groundwater.

Jinan is famous for the many springs within its borders. However, soil hardening
has prevented surface water from recharging groundwater; and the population boom has
led to over-exploitation of groundwater. As a result, groundwater levels in Jinan have
continued to fall in recent years. Several artificial recharge projects were implemented
in Jinan City’s spring recharge region to address the decreasing groundwater level [8,9].
River water and groundwater are chemically distinct from one another. River water is
usually rich in O,, DOC, and nitrate, while DOC concentration in groundwater is at a low
level [10]. When river water is used for recharge, the chemical composition of groundwater
is inevitably affected. As an important component of groundwater chemistry, changes in
DOC content affect the environmental quality of groundwater [11]. When the DOC level of
groundwater is high, bacteria can use the organic carbon for oxidation, producing oxidation
products such as carbon dioxide and sulfate. These oxidation products will alter the pH
and redox potential of groundwater, hence affecting its chemical stability [12]. Furthermore,
the breakdown of organic carbon releases a significant amount of heat, resulting in a rise
in groundwater temperature, which affects the physical stability of groundwater. More
importantly, the reaction of DOC with chlorine during disinfection produces disinfectant
by-products (DBP), which can increase the risk of cancer in drinking water [13]. The Yangtze
River and Yellow River both have greater DOC concentrations than groundwater during
Jinan’s artificial recharge procedure, which might be dangerous for the city’s groundwater.
Therefore, it is important to study the changes in DOC content in groundwater during
surface water conversion to groundwater.

It is crucial to conduct routine sampling in recharge zones to evaluate the quality
of groundwater supplies. However, the assessment is usually carried out using field
measurements, which have many limitations [14]. As a result, modeling becomes a useful
method for examining how integrated hydrological interactions between groundwater
and surface water affect the groundwater’s chemical environment [15]. For example,
Arora et al. [16] assessed the effects of microbial activity, redox conditions, and temporal
fluctuations in temperature and water table on subsurface carbon fluxes in the floodplain
through the TOUGREACT V3-OMP model. Guo et al. [17] used the PFLOTRAN model
to simulate the changes in organic carbon concentration in groundwater due to artificial
recharge during the dry period in the Yufu River basin. However, the above model focuses
more on groundwater, which results in lower simulation accuracy when it comes to complex
watershed conversions between surface water and groundwater. SWAT-MODFLOW, a
combined groundwater—surface water model, is widely utilized globally [14,18-22]. Wei
and Bailey [21] assessed the fluctuations in nitrate and phosphorus in groundwater as a
result of fertilizer application throughout agricultural production processes by combining
SWAT-MODFLOW with the subsurface reactive transport model (RT3D). Since the reaction
mechanism of DOC in groundwater is different from that of nitrate and phosphate, the
existing SWAT-MODFLOW model cannot realize the simulation of DOC for the time
being. However, the open-source SWAT-MODFLOW-RT3D model permits changes to the
pertinent code to resemble solutes like organic carbon [19].

This study has two goals: (1) modify the existing SWAT-MODFLOW-RT3D model to
simulate the fate and transport of DOC in groundwater systems; (2) utilize the model to
assess the impact of artificial recharge on DOC in the Yufu River basin’s aquifer system
and supply scientific guidance for subsequent water resource regulation.



Sustainability 2024, 16, 6692

30f18

2. Materials and Methods
2.1. Study Area

The study area is located in Jinan, a major city in China’s southern Bohai Rim region
(Figure 1). Jinan is situated to the south of Mount Tai and spans across the Yellow River,
lying in the transitional zone between the low mountainous hills in south-central Shandong
and the northwest alluvial plain. From south to north, the topography gradually changes
from low mountainous hills to a gently sloping plain in the foothills and finally to the
floodplain of the Yellow River. Considering the delineation of the major seepage zones
within the Jinan area [23], the Yufu River watershed was selected as the focal point for
simulation, covering an area of 63.25 km?. The Yufu River is the main river in the study
area, with a length of 15.93 km.
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Figure 1. Location of the Yufu River basin and its delineation in SWAT, including subbasin division,
digital elevation model (DEM), river network, and artificial recharge points.

According to the Koppen—Geiger classification, the climate is monsoonal (cold, dry
winter, hot summer) [24]. For the period 20112020, the average temperature in the study
area was 15.2 °C, with an annual temperature variation of approximately 29.5 °C. The
summer months’ average temperature (June, July, and August) varied from around 27.7 °C
to 28.1 °C, while the winter months’ average temperature (December to February of the
next year) varied from around —1.16 °C to 1.8 °C. The research region saw 692 mm of
rainfall on an average year, with roughly 50-60% of the total falling between July and
August. The average annual evaporation was 1475.6 mm.

The study area contains two major aquifer formations: the fissure-karst aquifer and
the porous aquifer. The porous aquifer is widely distributed along the Yufu River and
its banks, with the upper part of the aquifer belonging to the Quaternary system. In
the study area, the Quaternary system is a single- or double-layered structure, with an
increasing thickness from Zhai’er Tou to South-North Bridge, ranging from 7 to 30 m.
The exposed rocks in the riverbed consist of Quaternary loess, while the rocks within the
riverbed mainly comprise pebbles with low water-retaining capacity but good permeability.
There is a good hydraulic connection between the Quaternary system and the porous
aquifer, resulting in significant seepage. The porous aquifer primarily receives recharge
from atmospheric precipitation and lateral seepage from the river water. The underlying
fissure-karst aquifer is mainly composed of Cambrian Zhangxia Formation limestone,
characterized by developed fissure-karst features and strong water yield property. The
hydrogeologic section of the strong leakage zone of the Yufu River is shown in Figure 2. The
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interaction between the surface water in this strong seepage zone and the groundwater is
intense. According to local pumping test results, the hydraulic conductivity of the fractured
karst aquifer is 7.293 m/day [25].
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Figure 2. Hydrogeologic profile of the strong seepage zone of the Yufu River [26].

Since 2003, Jinan City has been importing about 18 million m? of recharge water to
the upper reaches of the Yufu River every year, using the multi-source artificial recharge
project [8]. Among these, water from the Yellow River is pumped through the Tianshan
Irritate Station and released through four water outlets in the study area via water pipelines.
Water from the Yangtze River is transported to the Wohushan Reservoir for storage and
then released downstream according to demand.

2.2. SWAT Setup and Validation

SWAT is a semi-distributed hydrological model based on a physical foundation [27].
It uses a daily time step for continuous calculations and can simulate hydrological cycle
processes at the basin scale [28]. Using a digital elevation model (DEM), the research
region is first separated into subbasins. These subbasins are then further classified into
combinations of soil type, land use type, and slope, or hydrologic response units (HRUs).
The model run was finished by extending the HRU percentage region within the subbasin
to the subbasin outflow once SWAT calculations for each HRU were finished. Detailed
information about the SWAT model can be found in Melaku and Wang [29].

The model used in this study is based on a DEM with a resolution of 30 m x 30 m
obtained by resampling the Geospatial Data Cloud DEM. The study area was divided into
33 subbasins by using the function of automatic subbasin delineation of ArcSWAT. The
watershed extent, stream network distribution, and location of point source inputs in the
watershed are shown in Figure 1.

To represent soil types, a resolution of 30 m x 30 m Harmonized World Soil Database
(HWSD) was used [30]. Most of the parameters were selected from the attribute table
accompanying the HWSD, and the remaining parameters (hydraulic conductivity, etc.)
were calculated using the SPAW model. The hydrologic grouping of the soils was referenced
to the hydrologic component grading standards published by the Soil Conservation Service
of the United States Department of Agriculture [31].

The land use data of the study area was acquired from the FROM-GLC Dataset, and
seven land use types were classified. As for the slope, to simplify the subsequent SWAT-
MODFLOW model, this terrain slope was divided into two categories by 10 degrees. Based
on the above soil type (Figure 3a), land use (Figure 3b), and slope classes (Figure 3c), the
finalized number of HRUs in this study area is 941.
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Figure 3. Geographical inputs for HRU definition in SWAT: (a) soil types (b) land use and (c) slope classes.

Meteorological data such as precipitation and evaporation were obtained from the
Changqing weather station.

To make the model more realistic, the CA-Markov model was chosen to predict future
land use [32]. Additionally, CSFR was selected as the weather generator of the model to
simulate the missing meteorological data (e.g., precipitation, air temperature, and relative
humidity) in the study area [33].

According to the collected measured data, the water recharge will be input to the river
as a point source. The amount of water recharged from the Yellow River is distributed
equally to each outlet (yellow triangles in Figure 1) according to the maximum 200,000 m®/d
during the recharge period. During this simulation period, the amount of water released in
Wohushan Reservoir (red dot in Figure 1) is shown in Figure S1. The “.dbf files of the point
source input location and the point source input volume were established, respectively,
and input into the model when the SWAT model was built. The water resources recharge
data were imported into the model in the form of daily input in the ArcSWAT point source
replenishment editing directory, and a .dat file was generated. The file would record
the model’s point source input in the form of daily replenishment and read during the
model run.

The measured data determine the initial soil DOC content. The soil DOC contents in
the upper, middle, and lower sections of the watershed were 1.03, 11.62, and 6.14 g/kg,
respectively. The input of DOC from the recharge water source was achieved through
the point source input module. The measured values of the DOC concentrations were
6.33 mg/L for Yellow River water and 6.6 mg/L for Yangtze River water.

After completing the model construction, the SWAT model was run and the “.sub’,
“hru’, and “.rch’ files were selected as results for output. The other parameters required for
SWAT model operation and their values are shown in Table 1 and Supplementary Material.

Table 1. The values of SWAT model parameters in the Yufu River basin [34].

Parameter

Parameter Description Parameter Values

CN2
SOL_AWC
ESCO
SPCON
USLE_P

SCS Runoff Curve Number 56.47
Soil water-holding capacity 0.48
Soil evaporation compensation factor 0.97
Linear exponent affecting the sediment carrying capacity 0.03657
Support practice factor 0.64

Potential Evapotranspiration (PET) is one of the key factors studied in hydrological
cycles. However, different assessment methods can lead to different results. The semi-
empirical and semi-theoretical Priestley—Taylor model requires fewer parameters and can
be applied to calculate PET for different underlying surfaces [35]. Additionally, simulation
results of daily runoff in the southeastern United States show that the Priestley-Taylor
method performs better in simulating runoff compared to the Hargreaves and Penman-
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Monteith methods, especially under extreme conditions [36]. In this study, the Priestley—
Taylor method was selected to calculate PET. The simulated valve was compared with the
measured values from a meteorological station in 2019 to evaluate the performance of the
SWAT model. The measured and simulated evaporation values in the study area are shown
in Figure S2. The correlation coefficient (R?) between them is 0.7487, which means that
the fit is good, and the evaporation obtained from the SWAT simulation is in line with the
actual situation.

2.3. MODFLOW Setup

By solving the numerical equations governing groundwater flow using finite differ-
ence methods, MODFLOW can simulate groundwater’s spatial characteristics and move-
ment [37]. According to Molina-Navarro et al. [28], the research area’s geology, boundary
conditions, and recharge and discharge circumstances all have an impact on the model’s
design. The MODFLOW model’s correctness is directly impacted by the collection and
accuracy of these parameters [38].

The model is simplified as a single-layer heterogeneous isotropic unconfined aquifer
based on geological data from the Yufu River basin and considering the aquifer’s lithology
and thickness. Based on the research area’s 30 m resolution DEM data (Figure 1), the
north and south sides are watersheds, thus the borders on the north and south sides are
simplified as zero-flow bounds. The east and west bounds of the research area are parallel
to the contour of the water table of the initial flow field, which is based on the initial
groundwater flow field of the study region (Figure S3). As a result, the research area’s east
and west bounds have been condensed into flow boundaries. The schematic diagram of
the boundary condition generalization is shown in Figure 54.

The model boundary’s geographic breadth is compatible with the SWAT model. GMS
was used to carry out the research area’s grid dissection. The entire model was dissected
into 114 rows x 113 columns rectangles with 12,882 grids, each of which was 100 m x 100 m
in size. The conceptual model of the study area is shown schematically in Figure S7.

The model’s other initial conditions, including the initial flow field, aquifer parameters,
and source/sink terms, are determined based on water level monitoring data and actual
geological information. The source/sink terms consider both precipitation recharge and
river seepage. The “Recharge” and “River” modules of MODFLOW are used to implement
the model, respectively. In this study, MODFLOW-NWT [39] will be used to simulate the
groundwater model in the basin.

2.4. SWAT-MODFLOW Coupling and Validation

SWAT can simulate surface runoff processes, baseflow, and soil hydrological processes,
while MODFLOW can simulate three-dimensional groundwater flow processes. SWAT-
MODFLOW is a coupled model for surface water and groundwater interaction based on
SWAT and MODFLOW-NWT while preserving the benefits of both separate models [14,40,41].
In recent years, this model has been widely used to quantitatively assess water resources
and the impact of pumping and recharge on groundwater [42—-44].

The key to building the SWAT-MODFLOW model is the generation of linkage files.
This study used the QSWATMOD plug-in in the QGIS platform to generate the linkage
files required for model operation. Details of the coupling process and the generation of
linkage files can be found in Bailey et al. [14] and Park et al. [18]. Validation results for the
coupled model are provided in the Supporting Information. Additionally, an analysis of
hydrological processes during the simulation period is conducted.

The validation of the coupled model includes MODFLOW and SWAT. In this section,
MODFLOW will be validated based on the joint simulation of SWAT and MODFLOW.
The validation results are determined by analyzing the groundwater levels obtained from
the joint simulation. The groundwater flow field at the end of the period simulated by
this coupled model is shown in Figure S5. The groundwater level is generally high in the
southeast and low in the northwest. From the groundwater level fitting results shown in
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Figure S6, it can be seen that the coupled model achieves a good fit between the simulated
groundwater levels and the measured values, with a correlation coefficient of R2 = (.85.

2.5. SWAT-MODFLOW-RT3D Setup

The three-dimensional reactive transport model (RT3D) can simulate the migration and
reaction processes of various dissolved substances in groundwater by solving the advection-
dispersion-reaction (ADR) mass balance equation [45]. As a subroutine contained within
the MODFLOW-NWT software, RT3D has been implemented within the SWAT-MODFLOW
model architecture and is accessible at each time step [19].

SWAT estimated the mass of organic carbon in the water column during precipitation
leaching and river confluence in the model run and then computed the organic carbon
recharge resulting from both recharging independently. For the material transfer process
from surface water to groundwater, this study utilizes the smrt_conversionrt3d package of
the S-M-R model, which adds the incremental increase in organic carbon due to precipi-
tation infiltration and riverine portion to the model. MODFLOW calculates groundwater
levels, groundwater fluxes, and source/sink terms for each grid and links them to RT3D.
The process of transferring data between them is shown in Figure 4. RT3D then solves
the ADR equation based on the flow information provided by MODFLOW and the con-
centration information contained within RT3D, and ultimately yields a value for DOC
concentration on each grid. The ADR equation in a saturated porous medium can be found
in Wei and Bailey’s work [21].

SWAT

hydrological process ‘ ’ solute transport

rainfall recharge rainfall leaching

river recharge
8 groundwater head water exchange

inflow \,
outflow

MODFLOW > RT3D

Figure 4. Data transfer process for coupled model.

2.5.1. Model Modification

The SWAT-MODFLOW model, through its coupling with the RT3D model, enables
the simulation of nitrate and phosphate in groundwater during the interactions between
surface water and groundwater. However, the existing ADR equation does not express the
reaction processes of DOC in groundwater. In this study, based on the reaction mechanism
of DOC, the relevant code about the chemical reaction rate law in the rt_rxns file of RT3D
was modified under the Intel Visual Fortran platform, and the original equations were
changed to the chemical reaction equations of DOC in groundwater (Equation (3)) and
compiled into an executable file so that the SWAT-MODFLOW-RT3D model can perform
the simulation of DOC migration.

In the groundwater system, DOC was utilized by aerobic respiration as follows:

CH>0 + Oy — H,O + COy (1)

Based on the ADR equation in saturated porous media [21], the ADR for DOC transport
in the groundwater system is as follows:

aCDOC 0 d aCDOC q
5 Rpoc = —aTCi(UiCDOC) + aaTCi(Dij ax; )+ éCsDOC + rpoc 2)




Sustainability 2024, 16, 6692

8 of 18

where Cpoc [M rL f_ﬂ is the concentration of DOC in aqueous phase; Rpoc is the retarda-
tion coefficient for DOC, representing linear sorption with aquifer sediment surface sites,
and in this study it is set to 1 for all grid cells [21,46]; x; ;[L] is the position of the dissolved

substance in the coordinate system; D;; {LZTA} is the hydrodynamic dispersion coefficient;
v;[L,T~] is the average groundwater velocity where b denotes the bulk phase; ¢ {L f3L b _3}

is soil porosity; gs {Lfg’T’lLb_?’} is the volume of the source and sink; Cs {Mfo_ﬂ is

the concentration of DOC in the source and sink; and 7poc [M rL f*3T_1} represents the

rate of all reactions that occur in the aqueous phase for DOC.
The single Monod expression was used as the rate law for DOC reactions [47,48]:

Cpoc Cpo
r = —XsrV 3
pocC AR AR(KDOC + Cpoc Koo + Coo (3)

where X 4r {M rL f*3 } is the biomass of the microbial population engaged in aerobic respi-

ration, and 6.25 x 107> g/ L3 was taken as an empirical value in this study [48]; Var [T‘l}
is the maximum specific uptake rates of the substrate, and 2/h was taken as an empirical

value in this study [47]; Kpoc [M fL ffg} is the Monod half-saturation constant for DOC,

and 1 mg/L was taken as an empirical value in this study [49]; Kpo {M fL f*ﬂ is the Monod
half-saturation constant for dissolved oxygen, and 1 mg/L was taken as an empirical value
in this study [49]; Cpo {M L f—3} is the concentration of DOC; and Cpp {M rL f_3] is the
concentration of dissolved oxygen.

2.5.2. Model Set-Up

Based on the MODFLOW model, an RT3D model was built for this investigation. The
model’s upper border is designated as the boundary for precipitation, and the Yufu River
is set as the river boundary. The impermeable border on both sides and the research area’s
bottom are set as zero-flux boundaries, whereas the groundwater flow model’s lateral
inflow boundary is set as a constant concentration boundary. According to the actual
measurement results, the average groundwater DOC concentration in the watershed is
3.0 mg/L, and the groundwater DOC concentration entering the study area through lateral
runoff is 3.2 mg/L. Therefore, 3.0 mg/L will be used as the initial groundwater DOC
concentration in the study area.

Based on research of the relevant domestic literature and field visits, the following
sources of DOC in groundwater in the study area were considered: organic carbon en-
ters groundwater with leaching during atmospheric precipitation; organic carbon enters
groundwater when water exchange occurs between rivers and groundwater; and lateral
flow of groundwater between aquifers leads to the entry of organic carbon into aquifers
from groundwater outside the study area [26,50,51].

2.6. Sensitivity Analysis of the Model

The effect of the model parameter uncertainty on groundwater chemistry model
outcomes may be quantified by sensitivity analysis [52]. In this study, the hydraulic con-
ductivity (K), the biomass of the microbial population engaged in aerobic respiration (Xar),
and porosity (@) were selected as representative parameters. K is a variable in the differ-
ential groundwater flow equation [53] and is essential for MODFLOW to correctly model
the hydrodynamic field in the study area. X4r and ¢ are variables in the ADR equation
representing the rate of chemical reaction of organic carbon and the effect of lithologic
media on DOC concentration, respectively. The calculation formulas are as follows:
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F(x1.0, X+ AX.0,xy) —F (X700, X0, X5)
F(X1.00 X Xn)
Si= Ax, s 4)
Xi

where S; is the sensitivity of the i th parameter; Ax; is the amount of change of the parameter;
x; is the initial value of the parameter; F(x1..., X;..., X ) is the model output result with the
parameters in the initial state; and F(x..., x; + Ax;..., x,,) is the model output result after
changing the parameter value.

To determine the effect of the parameters on the model, £10% and £20% are varied
sequentially from their initial values, and the degree of variation in the model output
results is analyzed. The calculated results are shown in Table S2. In the reactive transport
model constructed in this study, DOC showed the highest sensitivity to changes in porosity,
with values ranging from 0.63 to 0.67. The sensitivity of the hydraulic conductivity and the
biomass of the microbial population engaged in aerobic respiration were similar, ranging
from 0.1 to 0.2. Therefore, the lithological media had the greatest impact on groundwater
DOC concentration in this study.

3. Results and Discussion
3.1. Distribution of DOC in Groundwater by Leaching

The amount of infiltration recharge in different areas of the basin can be influenced by
many factors. It is easy to identify the impact of terrain slope, land use, and soil type on
groundwater recharge via precipitation infiltration by examining the infiltration quantity
of the grid. It is also feasible to assess the increase in groundwater DOC quality due to
precipitation recharge in various places indirectly. The coupled model was used to assess
the 2018 precipitation data in this study, and the findings are given in Figure 5a.

(a) DOC(mg/L) (b) DOC(mg/L)
[ 0.00-0.28 i, ;'-.._. [ 0.00-035
1 [Jo2s-oes - Iy [o3s5-070
] [Joes-096 1 [Jor-104
[Joos-134 L ! [ Jros-133
[Jisa-1m2 I [Ji33-1.60
[Jim-210 ‘ ‘ [ Ji60-194
. [ 210-261 1 o r [ 194 -231
: [ 261-355 2 = B 231-263
1 B 355 -4.41 ’ B 263-343
N B N
0 125 25 sk 0 125 25 sk

Figure 5. Differences in average daily groundwater recharge (a) and DOC concentrations (b) due to
leeching in the basin.

The spatial distribution of average daily precipitation recharge reveals that the quantity
of precipitation recharge to groundwater in the research region is impacted more by terrain
slope. The average daily groundwater recharge for the same land use type is larger in
locations with a topographic slope of less than 10 degrees. Cropland with a topographic
slope of less than 10 degrees has the highest average daily recharge in the research region,
with daily recharge ranging from 1.37 to 2.61 m3/d. Groundwater recharge in forests and
watershed upstream of the basin is less than 0.96 m®/d, primarily because of the steeper
topography of the area, where much of the precipitation is lost as runoff [54]. Furthermore,
due to ground hardness, precipitation recharge to groundwater near communities is near
nil [55]. Slope and land-use type work together to limit precipitation infiltration.

The main source of DOC in groundwater within the basin is the leaching of DOC from
the soil caused by precipitation and runoff recharge. However, the results of the simulation
based on infiltration recharge of precipitation (Figure 5b) showed that the leaching of soil
organic carbon has a limited contribution to the DOC provided to groundwater. DOC
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concentrations decreased significantly in all areas except for an increase in some parts of the
midstream (up to 3.43 mg/L). In most areas within the study area, the groundwater DOC
concentration was below 2.31 mg/L. The advection-dispersion and biological degradation
rates exceeded the efficiency of DOC infiltration recharge.

3.2. Distribution of DOC in Groundwater under River Recharge

Due to the high concentration of DOC in the recharge water sources, the Yufu River
can continuously provide organic carbon to the surrounding groundwater through wa-
ter exchange. As the annual artificial recharge increases, so does the river recharge to
groundwater in terms of volume and DOC quality. The average recharge of the river to
the groundwater was 9524.7 m3/d in 2018 and increased to 10,389.8 m®/d in 2019. Cor-
respondingly, the DOC input to the groundwater was 15.81 kg/ha in 2018 and increased
to 18.93 kg/ha in 2019. Figure 6a shows the concentration of DOC in the groundwater at
different locations in the basin. The results indicate that the trends of groundwater levels
(Figure 6b) and DOC concentrations at each observation point remain consistent during
artificial recharge.
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Figure 6. Changes in groundwater DOC concentrations (a) and water levels (b) at different locations
in the basin during artificial recharge (the observation point is close to the river if the lines are
solid, and it is distant from the river if the lines are dashed). (c) Distribution of groundwater DOC
concentration in the basin at the end of artificial recharge period.

At the three observation sites close to the river, both groundwater levels and DOC
concentrations demonstrated an increasing trend. However, groundwater levels and DOC
concentrations in the vicinity of different reaches varied in their trends. The groundwater
level at the upper reaches rises rapidly at the beginning of the simulation, slowing down in
the later stages and eventually stabilizing. The amount of river water entering the aquifer
and the infiltration distance are positively correlated functions concerning the hydraulic
gradient [56,57]. In the early stages of the simulation, the reservoir releases lead to an
increase in river water levels [58]. Because of the considerable hydraulic gradient, intensive
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water mixing and exchange occurs between the aquifer and river water, resulting in a fast
rise in aquifer water levels and DOC concentrations along the riverbank [59]. In the later
stages of the simulation, the gap between river water levels and nearby groundwater levels
decreases. The lateral recharge of the river is weakened, and the groundwater level rises
slowly. The fluctuation of river water levels controlled by reservoirs alters the surface
water—groundwater interaction in the basin through changing hydraulic gradients and
expanding high water-level areas [60]. Seasonal variations in runoff in the middle reaches
of the river are moderate due to the regulating effect of anthropogenic water releases [61].
The limited river recharge and flat terrain resulted in relatively stable growth rates of
aquifer groundwater levels and DOC concentrations throughout the simulation period.
Groundwater levels and DOC concentrations near the downstream area rise slowly at the
beginning and become faster at the later stages of the simulation. There is a time lag in
the effect of reservoir releases on downstream aquifers due to the long river reaches in the
study area [62]. Impacts from reservoir releases began to manifest gradually in July 2018
and increased with the 2019 artificial recharge.

In the three locations furthest from the river, the DOC concentrations and groundwater
levels stayed essentially stable. At the beginning of the simulation, the groundwater level
in the area far from the river is higher than that of the river. The groundwater in this region
does not receive recharge from the river and the groundwater level and DOC concentrations
remain stable. As time passes, the river water level rises and exceeds the groundwater
levels, and the recharge area of the river gradually expands from upstream to downstream.
Therefore, in the later stages of the simulation, a slight increase in groundwater levels and
DOC concentrations can be observed in the area farther from the river. Hydraulic gradients
may be reversed due to a rise in river level during water recharge. Such a transition of flow
paths will lead to the expansion of lateral solute exchange [63].

Changes in the water cycle caused by artificial recharge have a greater impact on
DOC concentrations in surface water and groundwater in the study area than the leaching
effect of precipitation. After the simulation, the basin’s groundwater DOC concentration
distribution is depicted in Figure 6¢c. From the Figure, it can be seen that the distribution of
organic carbon concentration has obvious spatial differences, and the high values of the
concentration in the study area all appeared near the river, distributed between 3.88 mg/L
and 6.53 mg/L. Since the reservoir receives the recharge from the Yangtze River water with
high organic carbon concentration, when the reservoir is utilized for the management of
the recharge, the confluence of the Yangtze River water will lead to a rapid increase in
the concentration of DOC in the surface water in the study area, especially in the section
of the river closest to Wohushan Reservoir. The highest range of DOC concentration in
the basin is below the Wohushan Reservoir, with a concentration ranging from 5.82 mg/L
to 6.53 mg/L, which is close to the 6.60 mg/L for Yangtze River water. It indicates that
under the continuous artificial recharge, DOC from surface water will continue to enter the
groundwater by infiltration. The lowest areas of DOC concentration are distributed around
the basin upstream, with a concentration ranging from 0.66 mg/L to 1.57 mg/L. The region
has steep terrain slopes, which easily lead to surface runoff. This situation is unfavorable for
the accumulation of DOC in the soil and the infiltration of surface water, resulting in a lower
concentration of DOC in the groundwater [54,64]. Influenced by the regional topography,
the upstream forested areas and the downstream farmland receive precipitation recharge
and subbasin convergence, and the concentrations are distributed between 2.66 mg/L and
3.35 mg/L. In addition, groundwater DOC concentrations are low in some villages due to
impervious surfaces that impede rainfall and surface water infiltration [55,65]. Furthermore,
in most places on both sides of the riverbanks, groundwater DOC concentrations varied
from 2.66 to 3.04 mg/L, which was higher than what was predicted under precipitation-
leaching situations. Because the Yufu River’s water level is higher than the groundwater
table, lateral seepage causes the DOC pollution halo to progressively extend out from the
riverbed, eventually affecting the majority of the watershed.
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In conclusion, the additional recharge from the Yellow River and Yangtze River water
resulted in a gradual increase in surface water level and DOC concentration from upstream
to downstream. The change in hydraulic gradient affects the recharge relationship between
surface water and groundwater. The lateral seepage of surface water was enhanced, which
eventually led to the increase in groundwater level and DOC concentration in the majority
of the basin.

3.3. Effect of Different Recharge Sources on DOC Concentrations in Groundwater

Based on the local multi-source recharge project, the present study simulated the
changing pattern of groundwater DOC concentration under three artificial recharge scenar-
ios: (a) recharge by the Yellow River water; (b) recharge by the Yangtze River water; and
(c) recharge by the Yangtze River and the Yellow River water. This allowed researchers
to ascertain the degree of influence that various artificial recharge sources had on the
groundwater DOC concentration in the Yufu River basin. The results indicate that DOC
concentrations in groundwater in the basin increased to varying degrees under all three
recharge scenarios. Correspondingly, in most regions, the DOC concentration reached
and exceeded 5.83 mg/L, 6.08 mg/L, and 6.11 mg/L, respectively. However, in upstream
watershed areas of the basin, the DOC concentration remained low, with only a slight
increase compared to the end of 2019. The higher groundwater levels and low river water
recharge in this region affected the influx of DOC. However, the high concentrations of DOC
in downstream groundwater can still enter the upstream watershed through dispersion,
resulting in a slight increase in DOC concentration in this area. The regions with the lowest
DOC concentrations in the basin are the low-lying villages in the middle and lower reaches.
DOC concentrations are below 1.10, 1.06, and 1.34 mg/L in the three simulation scenarios.
Impervious surfaces in the area decrease the aquifer’s permeability, which has an impact
on the inflow of DOC [65,66]. However, compared to the single-water recharge models
(Figure 7a,b), this region has a smaller extent and higher concentration in the multi-water
recharge model (Figure 7c). The higher rate of groundwater replenishment plays a signifi-
cant role in facilitating the influx of DOC. Furthermore, the concentration of DOC in the
middle and upper watershed areas is influenced by elevation and topography. Specifically,
low-lying areas exhibit higher DOC concentrations, ranging from 3.84 to 4.44 mg/L, 3.78 to
4.45mg/L, and 4.14 to 4.73 mg/L in the three simulated scenarios. Conversely, areas with
steep terrain display lower DOC concentrations, ranging from 3.31 to 3.84 mg/L, 3.19 to
3.78 mg/L, and 3.61 to 4.14 mg/L in the three simulated scenarios.

In summary, when recharge water was used as an additional source of groundwater
recharge in the study area, a substantial increase in DOC concentrations in groundwater
was observed in all areas of the basin. The downstream cropland showed the highest
increase in DOC concentration, ranging from 229% to 245%; followed by the upstream
forest, with an increase of 133% to 159%; and the smallest increase in DOC concentration
occurred in the midstream valley, ranging from 122% to 132%. Additionally, the area of
low DOC concentration due to the presence of impermeable surfaces was also significantly
reduced. Water exchange plays a large role in the enrichment of DOC in groundwater.

Different recharge sources and recharge points can affect the final results of the DOC
model for groundwater. Among the three recharge scenarios, the Yellow River water
recharge contributes the smallest increase in DOC concentration in the underground water
of the Yufu River basin. According to the interannual recharge for groundwater and DOC
(Table S1), the maximum groundwater recharge can reach 3.280 million m>® when selecting
Yellow River water, which is only 0.542 million m® less than the multi-source recharge
scenario. Additionally, when using the Yellow River water for recharge, the input quantity
of DOC unit volume of groundwater is 0.013 kg/m?, which is lower than that of Yangtze
River water (0.019 kg/m?3) and the multi-source water resource (0.016 kg/m3). Therefore,
future artificial recharge plans should consider increasing the proportion of Yellow River
water in the recharge source.



Sustainability 2024, 16, 6692

13 of 18

DOC(mg/L) (b) DOC(mg/L)
[ 0.00-1.10 [ 0.00-1.04
[ 110-202 [ 104-184
[J202-27 [is4-255
[Jan-331 [Jass-319
[J331-384 [Js19-378
[384-444 [378-445
[ aaa-sn [ 445519
[ 5.1 -5.83 [ 519608
I 583620 I 608651
&

0125 25 5km 0125 25 5km

S T S | S T S |
DOC(mg/L)
[ 000134
[ 134-241
[J241-30s
[1305-361
[J361-414
[Ja1a-473
[ a73-537
[ s537-611
Bl 611659

0125 25 5km

S T S |

Figure 7. Distribution of DOC concentration in groundwater in 2030 under different water
recharge scenarios: (a) recharged by Yellow River water; (b) recharged by Yangtze River water;
and (c) recharged by Yangtze River and Yellow River water.

3.4. Assessment of Nitrate and DIC Concentration Levels in the Study Area

Alterations to the water cycle within a watershed can affect not only surface and
groundwater DOC concentrations but also the stability of the nitrogen cycle and the
dissolved inorganic carbon (DIC) cycle. Comparison of the DOC simulation results with
the measured data of nitrate and bicarbonate can reflect the magnitude of DOC correlation
with them to a certain extent. Nitrification is an important process in the nitrogen cycle.
On the one hand, the nitrate produced increases the degree of eutrophication of water
bodies; on the other hand, nitrate is very easily converted into nitrosamines, which pollute
groundwater. The concentration distribution of nitrate in groundwater is closely associated
with artificial recharge, according to spline function interpolation of measured groundwater
nitrate concentration data from different places. As shown in Figure 8a, in the upstream area,
groundwater nitrate concentration decreases with increasing distance from the river, which
is consistent with the trend of DOC concentration in groundwater. Organic carbon is an
important component of the nitrogen cycle, which has a direct or indirect effect on processes
such as nitrogen conversion and energy sources. Nitrification showed a strong positive
correlation with DOC concentration [67]. The probable reason is that the abundance of DOC
in groundwater enhances the biological activity of ammonia-oxidizing microorganisms
and provides them with additional energy and carbon sources [68]. Furthermore, there is a
significant concentration of nitrate in the groundwater in the downstream area. The type of
land use in this area is cropland, and as a result of human activity, a significant amount
of chemical fertilizers seep into the groundwater through leaching and are nitrified into
nitrate, contaminating the groundwater. In summary, exogenous DOC inputs resulted in
elevated groundwater nitrate concentrations in the basin.

In aquatic ecosystems, DOC and dissolved inorganic carbon (DIC) are the two main
forms of carbon present. DOC in groundwater can be converted to DIC either by microbial
uptake or by abiotic degradation [69], and the main form of DIC present in groundwater is
bicarbonate. The sinking of exogenous DOC increases groundwater DOC concentrations in
the basin, which enhances microbial activity and promotes the accumulation of CO, in the
subsurface environment. However, the results of interpolating groundwater bicarbonate
concentrations in the watershed indicate that changes in groundwater DOC concentrations
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have little effect on DIC. As can be seen in Figure 8b, the highest DIC concentration in
groundwater is located in the upstream forested area, where carbonate deposits in the soil
release carbonate ions under the influence of leaching and are present as bicarbonate ions in
the groundwater. In contrast, groundwater DIC concentrations in the upper Yufu River and
in the vicinity of the river showed lower levels, and lateral seepage of river water with low
DIC concentrations reduced groundwater DIC concentrations in the basin to some extent.

(b)

Bicarbonate(mg/L)

Nitrate(mg/L)

14.17 400

Figure 8. Distribution of nitrate (a) and bicarbonate (b) concentration in groundwater.

Artificial recharge not only affects the DOC cycle but may indirectly affect the nitrogen
and DIC cycles. Therefore, when managing aquifer recharge, it is important to consider
all aspects of the impact of exogenous water on the chemical stability of groundwater in
the basin.

4. Conclusions

In the Yufu River watershed, artificial recharge projects have been implemented
recently to address the ongoing reduction in groundwater levels. The concentration of
DOC in groundwater in the Yufu River basin has grown, which could be dangerous for
groundwater in the Jinan Spring area because recharge water and groundwater have
different chemical compositions.

This study proposes a physically based, three-dimensional reactive transport model
that simulates the transport of DOC in the coupled river-aquifer system and applies this
model to investigate the impact of multi-source recharge on DOC in the groundwater
of the Yufu River Basin. With modifications to the response module code and model
calibration, the SWAT-MODFLOW-RT3D model enables the simulation of the hydrological
transport and spatial-temporal distribution of DOC concentration in both surface water
and groundwater at different locations within the basin. It considers various water resource
inputs, including river flow and precipitation, and provides valuable insights into how
these factors influence the movement of DOC.

Model output was compared with measured groundwater level and evaporation in
a 63.25 km? heavy seepage zone in the Yufu River basin, Jinan, over the 2018 to 2020
time frame. The validated model was utilized to assess how different recharge scenarios
will affect groundwater DOC concentrations in the future. The findings of this study are
as follows:

(1) The rate of advection-diffusion and biodegradation exceeds the efficiency of leach-
ing in recharging DOC to groundwater. Infiltration from rivers, rather than leaching, is the
main source of DOC recharge in groundwater.

(2) Artificial recharge alters DOC concentrations in rivers and nearby groundwater.
As the recharge period increases, the influence area of river infiltration on groundwater
will also expand. Different regions within the basin exhibit varying trends in the growth
of DOC concentration in groundwater. In the upstream area, DOC concentration shows a
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logarithmic increase; in the downstream area, DOC concentration exhibits an exponential
increase; while in areas far from the river, DOC concentration remains relatively stable.

(3) The DOC concentrations in groundwater in the Yufu River basin show a wide range
of increases in all three recharge scenarios: Yellow River water, Yangtze River water, and
multiple water resources. The peak DOC content in the basin’s groundwater is predicted to
occur in 2030 at 6.20, 6.51 and 6.59 mg/L, respectively. Variations in recharge water sources
lead to differences in simulation results.

The most sensible of the three solutions is to recharge the Yufu River only with
water from the Yellow River. The recharge of the Yellow River water to groundwa-
ter is 3.20 million m>/a, while the DOC input per unit volume of groundwater is only
0.013 kg/m3.

(4) The change in groundwater DOC concentration may indirectly affect the nitrogen
cycle and DIC cycle in the basin.

Based on the above conclusions, this study suggests that during water resource man-
agement, regular monitoring of DOC concentration should be conducted, and models
should be established to assess future trends. Additionally, measures can be taken to
lower the DOC content in the recharge water source throughout the ensuing backfilling
operation, which is crucial in preventing a rise in the DOC concentration in groundwater
and stabilizing the nitrogen and DIC cycles.
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