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Abstract: Anning Refinery, a large-scale joint venture in southern China, possesses significant
potential in regard to polluting local groundwater environments due to its extensive petroleum
raw materials. This study aims to mitigate the substantial risks associated with oil spills and
prevent consequential groundwater pollution by developing a robust groundwater flow model
using the MODFLOW module in GMS software that aligns closely with natural and pumping
test conditions. Furthermore, by integrating the MT3DMS model, a groundwater solute transport
model is constructed and calibrated using sodium chloride tracer dispersion data. Notably, the wax
hydrocracking unit and aviation coal finished product tank area are identified as key pollution sources
warranting attention. By considering local constraints such as karst collapse, ground subsidence, and
single-well water output capacity, the study introduces a tailored groundwater pollution management
model. The research simulates various scenarios of petroleum pollutant migration in groundwater
and proposes multi-objective emergency response optimization plans. In Scenario 1, simulations
show that petroleum pollutants migrate within the unconfined aquifer and enter the karst aquifer
as low-concentration plumes over an extended period. Detection of these plumes in karst water
monitoring wells indicates upstream unconfined aquifer contamination at higher concentrations,
necessitating immediate activation of the nearest monitoring or emergency wells in both layers.
Conversely, in Scenario 2, pollutants reside briefly in the unconfined aquifer before entering the
karst aquifer at relatively higher concentrations. Here, low-efficiency pollutant discharge through
unconfined aquifer monitoring wells prompts the activation of nearby karst aquifer monitoring or
emergency wells for effective pollution control. This model underscores the necessity for proactive
monitoring and validates the efficacy of coupled numerical modeling in understanding pollutant
behavior, offering valuable insights into pollution control scenario assessments. In summary, the
study emphasizes the importance of targeted monitoring and emergency protocols, demonstrating the
benefits of integrated modeling approaches in industrial areas prone to pollution risks, and provides
critical theoretical and practical guidance for groundwater protection and pollution management,
offering transferable insights for similar industrial settings worldwide.

Keywords: groundwater flow numerical simulation; solute transport model; groundwater pollution
prevention and control management plan; petroleum pollutants; Yunnan Anning Refinery

1. Introduction

With the continuous advancement of global industrialization and urbanization, envi-
ronmental pollution issues are becoming increasingly severe, with groundwater pollution
being particularly prominent [1]. As an important water resource, groundwater is widely
used in agricultural irrigation and industrial water supply, and it directly impacts the
safety of human drinking water [2]. However, due to the hidden and complex nature of
groundwater flow, its pollution control is challenging, with a wide diffusion range, long
recovery period, and high treatment costs, making it a major problem in environmental
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protection [3]. In recent years, groundwater pollution has garnered widespread attention
and significant concern in countries such as the United States [4,5], Australia [6], Japan [7],
and China [8,9]. Groundwater pollution not only affects water quality but also impacts
surface water and the ecological environment through the hydrological cycle, further
threatening human health and the stability of ecosystems [10]. To address this issue, many
scholars have conducted extensive research on groundwater pollution prevention and
control, aiming to reveal the mechanisms of groundwater pollution, its migration patterns,
and effective prevention and control methods [11], focusing mainly on pollution source
identification [12], pollutant migration mechanisms [13], pollution prevention and control
technologies [14], and numerical simulations [15].

Identifying pollution sources is the first step in groundwater pollution prevention and
control. Identification techniques mainly involve isotope tracing technology [16,17], multi-
variate statistical analysis [18], and geochemical models [19] to precisely locate groundwater
pollution sources. Matiatos used a Bayesian isotope mixing model (SIAR) and multivariate
statistical analysis of groundwater hydrochemical data to estimate the relative contributions
of different nitrate sources and identify the dominant factors controlling nitrate levels in
the area’s groundwater, revealing that urban and industrial waste in the basin are the
main causes of groundwater nitrate pollution in these regions [18]. Wu and colleagues
successfully identified nitrate pollution sources in the groundwater of a critical red soil ob-
servation station in China using dual nitrogen isotope tracing technology [20]. Naderi and
colleagues used chemical isotope analysis, geochemical models, health risk assessments,
and multivariate statistical methods to investigate the pollution and sources of fluoride in
cold and hot spring groundwater, and they also assessed the water pollution issues and
health risks associated with fluoride [21]. Shao and colleagues used electrical resistivity
tomography (ERT) data to design vertical barrier walls to prevent further migration of
pollutants. Their results showed that pollutants mainly accumulated in fracture zones
around the landfill, with the main migration channels being the densely faulted zones on
the north and south sides of the landfill, and the migration direction was consistent with
groundwater flow [22]. Meanwhile, understanding the migration mechanisms of pollutants
in groundwater is key to formulating effective treatment plans. Organic pollutants in
groundwater exhibit significant differences in migration speed and diffusion range under
different geological conditions, posing challenges to the accuracy of pollution prediction
models. Some studies have also focused on the impact of non-linear adsorption and the
degradation reactions of pollutants on the migration process [23,24]. Guo and Brusseau
pointed out that PAT technology can effectively control pollutant diffusion and provide
insights into the closure potential of large, complex contaminated sites, offering references
for site management performance indicators. However, long-term use may lead to aquifer
structure damage [25].

Currently, numerical simulation is an important tool for studying the migration of
groundwater pollutants. Various simulation software such as MODFLOW [26,27], FEMWA-
TER [28,29], and HYDRUS [30-33] have been successfully developed to simulate pollutant
migration under different geological conditions. Zhou and colleagues designed four future
long-term climate change scenarios for the Alxa region in Inner Mongolia, China, and
accurately simulated groundwater flow changes using GMS [34]. To capture the hetero-
geneity and morphology of pollutants, Tabelin and colleagues combined geochemical
auditing with numerical simulation, successfully predicting the flow paths and migration
of acidic mine drainage from a legacy mine in Japan [35]. Vu and Ni used the index overlay
method (DRASTIC method) and a physics-based numerical model (MODFLOW model)
to predict groundwater sustainability and pollution migration under different scenarios,
showing that coupled groundwater flow and solute transport models can more accurately
predict pollutant migration paths and concentration distributions [36]. Currently, the GMS
groundwater flow numerical model with the MT3DMS solute transport model is widely
used in groundwater environmental research due to its fast computation, simple operation,
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and ability to accurately simulate the migration process of pollutants in groundwater
bodies [37-39].

Groundwater pollutants mainly include heavy metal pollutants [40], organic pollutants [41],
and petroleum pollutants [42]. These pollutants penetrate and diffuse into the groundwater
system, forming pollution plumes that spread with groundwater flow, gradually expanding the
contamination area [43—45]. The groundwater pollution problem is particularly severe in areas
with concentrated petrochemical enterprises. As an important part of petrochemical enterprises,
refineries produce pollutants during production that, once leaked, pose a serious threat to the
groundwater environment [46]. Based on this, this study takes the Yunnan Anning Refinery in
China as an example, coupling the GMS groundwater flow numerical model with the MT3DMS
solute transport model to develop a groundwater pollution prevention and control management
model. It reveals the groundwater flow and petroleum pollutant migration patterns in the
refinery area, simulates the diffusion paths and concentration changes in petroleum pollutants
under different scenarios, and further proposes a multi-objective emergency optimization re-
moval plan for pollutants, aiming to provide a scientific theoretical basis for protecting local
groundwater resources.

2. Overview of the Study Area and Data Sources
2.1. Overview of the Study Area

The construction site of the joint venture refinery, with a capacity of ten million tons,
is located in Anning City, Yunnan Province, at geographic coordinates 102°21-102°23" E
and 24°54’-24°55" N. The general terrain of the study area is high in the south and low in
the north, belonging to the mid-mountain to low-mountain type. The terrain slope ranges
from 25° to 35°, with mountain elevations between 2200 and 2500 m and relative height
differences generally less than 500 m. The landform is mainly characterized by shallow-cut,
structurally eroded low-mid mountain terrain, with depositional landforms developing
along riverbanks and intermountain basins. The main exposed strata in the study area
include the Cambrian Yuqucun Formation, the Cambrian Qiongzhusi Formation, the
Devonian Haikou Formation, the Devonian Zaige Formation, and the Quaternary system
(Figure 1). Among these, the Quaternary unconfined aquifer is widely covered, generally
thicker in the west and thinner in the east, with some areas in the central part being
relatively thin. The groundwater mainly includes three types: carbonate rock fissure and
karst water, bedrock fissure water, and loose rock pore water. The study area’s river systems
belong to the Honghe River Basin and the Jinsha River Basin, with the western part in the
Honghe River Basin and the eastern part in the Tanglangchuan River Basin, both of which
are part of the Jinsha River system. The Unnamed River is the only river flowing through
the refinery project area and is a seasonal stream. The local area is situated in a low-latitude
subtropical highland monsoon climate zone and characterized by warm winters, cool
summers, and dry conditions with little rainfall. The average annual temperature is 15.4 °C,
with an average annual rainfall of 898.7 mm, 60% of which mainly occurs from July to
September. The average annual evaporation is as high as 1994.3 mm.
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Figure 1. Hydrogeological profile.

2.2. Data Sources

The hydrogeological data in the study area are mainly provided by the First Hydroge-
ological and Engineering Geological Team of the Yunnan Bureau of Geology and Mineral
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Resources and the Geotechnical Engineering Company of China Petroleum Engineering
Construction Corporation. The meteorological data mainly come from the Hydrological and
Water Resources Monitoring Center of Yunnan Province and the National Meteorological
Science Data Sharing Service Platform. Hydrogeological parameters, groundwater levels,
tracer concentrations, and other data are from the special geophysical survey and karst
exploration report of the Anning Refinery in Yunnan. There are a total of 18 groundwater
real-time monitoring wells in the factory area, mainly monitoring changes in water levels
in pore water and karst water. There are also 10 emergency pollution control pumping
wells which are used to intercept and pump water to prevent pollutants from migrating
downward. At the same time, the extracted contaminated groundwater is transported to
the surface treatment facilities for treatment to remove dissolved pollutants in the water.
The distribution of monitoring wells and pumping wells is shown in Figure 2.
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Figure 2. Distribution map of groundwater monitoring points in the refinery area.

3. Groundwater Flow Numerical Simulation

The unconfined aquifer of the fourth series is widely distributed in the factory area,
mainly composed of backfill, floodplain deposits, lake facies deposits, and residual slope
deposits, with a thickness of about 14-35.5 m. When pollutants leak, the unconfined aquifer
of the fourth series will be the first to be contaminated. After pollutants enter the sand and
gravel layer, the migration speed of pollutants accelerates, spreading to surrounding areas
downstream and infiltrating downward into the bedrock. Firstly, we develop a numerical
model of groundwater flow in the shallow unconfined aquifer of the factory area, further
develop a water quality model for the factory area, and then couple the numerical model of
groundwater flow with the water quality model to form a pollution prevention and control
management model for the shallow unconfined aquifer of the factory area.
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3.1. Development of Hydrogeological Conceptual Model
3.1.1. Generalization of Aquifer (Aquiclude) Structure

The unconfined aquifer of the fourth series in the factory area is mainly composed of
backfill, floodplain deposits, and residual slope deposits. The lithological characteristics are
divided into four layers from top to bottom. The first layer is mainly filled with soil, mainly
composed of limestone, sandstone debris, and loamy clay. This layer is discontinuously
distributed, with a thickness of 0.20 to 5.40 m and a bottom elevation of 1888.49 to 1920.54 m.
The second layer is loamy clay, containing a small amount of silica, limestone gravel, and
manganese oxide nodules and spots. The thickness is 0.20 to 15.90 m, and the bottom
elevation is 1875.80 to 1934.83 m. The third layer is composed of angular gravelly loamy
clay, mainly loamy clay, with an angular gravel content of 5% to 30% and a particle size of
3 to 50 mm. The components of the gravel are mainly limestone, phosphatic sandstone, and
a small amount of siliceous rock. The thickness is 0.50 to 25.50 m and the bottom elevation
is 1857.18 to 1911.78 m. The fourth layer is residual soil, mainly loamy clay and locally red
clay, which comprises residual slope deposits of various rocks after weathering, mainly
composed of feldspar, mica, limestone, and other carbonate minerals, with embedded
quartz particles. The thickness is 0.60 to 16.80 m and the bottom elevation is 1853.14 to
1914.15 m.

The MODFLOW module in GMS software was used to develop a numerical model
of groundwater in the factory area using the conceptual model method. First, the actual
hydrogeological conditions were generalized to develop a hydrogeological conceptual
model. Based on the lithological characteristics of the unconfined aquifer, the layers
containing clay, coarse gravel, sand, and gravel layers were generalized into aquifers, while
layers containing plain soil, cultivated soil, loamy clay, gravelly clay, gravelly loamy clay,
residual soil, clayey soil with sand, and organic matter were generalized into relatively
impermeable layers. After the factory area was leveled, the artificially filled soil in the
low-lying areas was compacted, and the artificially filled soil was also generalized into
aquifers. The generalized model of the unconfined aquifer in the study area is shown in
Figure 3. The model is generalized into three layers: the first layer is filled with soil and
clay, forming a continuous aquiclude; the second layer is mainly clay, with some sand and
gravel; the third layer is mainly sand and gravel, with some residual soil. The sand and
gravel aquifer is a discontinuous aquifer distributed in the second and third layers of the
model. In some areas, the aquifer directly contacts the underlying bedrock.

Clay and fill soil
Clay-bearing coarse sand and gravel

Clay and residual soil

First layer Second layer Third layer

Figure 3. Conceptual model of the unconsolidated layer.

3.1.2. Conceptualization of Boundary Conditions

The simulated area of this model is the unconfined aquifer of the plant area. It is under-
lain by the Zhaige Formation, Haikou Formation, Qiongzhushi Formation, and Yuhucun
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(a) Conceptual model and grid partitioning of the unconfined
aquifer in the factory area

Formation bedrock of the plant area. The Haikou and Qiongzhushi Formations have poor
permeability while the Zhaige and Yuhucun Formations have developed karst features
and are hydraulically connected to the overlying unconsolidated layer, allowing the fourth
series unconsolidated layer to be divided into a relatively independent hydrogeological
unit (as shown in Figure 1). The aquifer consists of sand and gravel layers of the fourth
series, with the overlying clay layer acting as a relatively impermeable layer. The ground-
water is slightly under pressure. The main groundwater recharge methods are atmospheric
precipitation and lateral flow recharge from the karst water of the Zhaige Formation in the
east. Overall, the flow is from southeast to northwest, with the main discharge methods
being atmospheric evaporation and discharge to adjacent areas. Vertically, the pore water
in the unconsolidated layer of the plant area and the karst fissure water are hydraulically
connected through a weakly permeable layer between them, and in some areas, the aquifer
directly discharges into the karst aquifer.

In the northeastern and southeastern parts of the plant area, it is adjacent to the Qiongzhushi
Formation shale, siltstone, and sandstone, with weak hydraulic connections which are con-
ceptualized as impermeable boundaries; in the east, it is adjacent to the Zhaige Formation
dolomite, and, based on borehole observations, the Zhaige Formation has a higher water
head (YJ07 is an artesian well) which recharges the unconsolidated layer, conceptualized as a
specified head boundary; in the northwest, the fourth series unconsolidated layer is in contact
with the underlying Yuhucun Formation dolomite, where the groundwater level is lower
than that of the unconsolidated layer, so the unconsolidated layer recharges the Yuhucun
Formation; in the southwest, there is an exchange of water between the unconsolidated layers
and the plant area unconsolidated layer, and the water level in the boreholes at the plant
boundary is known (Table 1), so it can be conceptualized as a mixed boundary. The conceptual
model diagram after conceptualization is shown in Figure 4a.

Table 1. Water levels of boreholes at the southwestern and northwestern boundaries of the plant area.

Borehole No. Water Level Borehole No. Water Level
ZK151 1885.34 ZK20 1907.59
ZK209 1888.02 ZK24 1909.42
ZK262 1885.17 ZK30 1908.26
ZK298 1888.23 ZK150 1908.24
ZK352 1897.42 ZK208 1913.94
ZK12 1886.74 JC44 1909.567
ZK16 1912.73 YJ06 1912.71
)
@‘@ %%"%
e/ Y
N
Z /3;\(,
PN \/1%%
%@% /\/>
E| I(-:»c::imd boundary ?J boundary Legend
[==] Mixed boundary f Research area boundary

[=] 1mpermeable boundary

Permeability coefficient
demarcation line

(b) Permeability zoning map of the third layer
(unit: m/d)

Figure 4. Conceptualization of Boundary Conditions.
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3.2. Mathematical Model Development

By analyzing borehole data and hydrogeological survey data, the aquifer in the study
area is conceptualized as a heterogeneous, isotropic, spatially multi-layered, and stable
groundwater flow system. The groundwater system in this area consists of confined and
unconfined water, so the following mathematical models are selected to describe it:

o (K""aa%) i (KwazTI;> +W=0 (xy) cQ
K%%’Sz =nxyt) (vy) €S )

%L; +aH = B a, Bare known functions;
H(x,y,t)[t =0=Hy(x,y) (x,y) €D

In Equation (1):

() represents the groundwater seepage area;

51 is the first type boundary of the model;

S, is the second type boundary of the model;

kxx, kyy and k- represent the permeability coefficients in the x, y, and z directions (m/s),
respectively;

w represents the source—sink term, including the precipitation infiltration supply,
evaporation, pumping rate of wells, and discharge rate of springs (m3/s);

Hy(x, y, z) is the groundwater head function at the first type boundary (m);

q(x, y, z) is the unit area flow rate function at the second type boundary (m3 /s);

Txx, Ty, and T, respectively, represent the average transmissivity during the man-
agement period [L?T~1];

Ss is the specific yield, unit m~'.

3.3. Numerical Model Development
3.3.1. Grid Partitioning

The study area covers an area of 2.513 km? and the hydrogeological unit is a confined-
aquifer system. Based on field drilling data, geological entities are developed and imported
into the MODFLOW software. The grid is partitioned into 100 x 100 x 3 cells (Figure 4a).

3.3.2. Source and Sink Terms

Recharge: Groundwater mainly receives recharge from precipitation. According to
statistical studies, the average annual precipitation in the study area is 1191 mm/a and the
local coefficient of precipitation infiltration is 0.0185. Therefore, the recharge of groundwater
from precipitation can be calculated as 0.00006 m/d.

Discharge: Groundwater in this area mainly laterally discharges to the northwest into
the aquifer of the Yuhu Village Formation.

3.3.3. Hydrogeological Parameters

Permeability: The determination of permeability mainly relies on calculated values
from single-well pumping tests in the factory area combined with regional data for model
parameter adjustment. Permeability ranges from 0.101 to 1.491, affecting the radii of
influence from 4.603 to 21.392 m. The estimated single-well pumping rates range from
1.296 to 6.307 m3/d. The permeability is uniformly set at 0.008 m/d for backfill soil and
clay and at 0.01 m/d for residual soil and clay. The second layer of the model has only
local occurrences of sand and gravel lenses, with a permeability of 1.0 m/d for these lenses.
As the aquifer mainly occurs in the third layer of the model, parameter zoning and fitting
were performed for this layer (Figure 4b).

Effective Porosity: Based on empirical values, the effective porosity is set at 0.12.

Specific Yield: Based on empirical values, the specific yield for clay and backfill soil is
set at 0.05, for gravel and clayey coarse sand at 0.17, and for clay and residual soil at 0.07.
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3.4. Model Calibration and Validation

In the simulation area, the initial water level of the aquifer revealed by boreholes
can be used as one of the model validation bases (Table 2), with a borehole water level
observation error set at 2.0 m. In MODFLOW, there is a relationship between the observed
borehole data and the software’s simulated data. If the difference between the observed
and calculated values is within the verification confidence interval, the error bar will be
displayed in green. If it exceeds the verification confidence interval but is less than 200%,
the error bar will be displayed in yellow. If it exceeds 200%, the error bar will be displayed
in red, as shown in Figure 5.

Table 2. Summary of steady-state flow model fitting (unit: m).

Measured Water Calculated Water

Borehole No. Level Level Absolute Error
JCo1 1904.172 1902.44 1.732
JC02 1904.544 1904.23 0.314
JCo03 1905.41 1903.82 1.59
JC04 1910.526 1911.96 1.434
JCO05 1908.166 1911.12 2.954
JCO06 1906.352 1908.53 2.178
YJ10 1905.751 1907.79 2.039

<+— Upper limit of observed values

<«+—— Calculated values

Error

4+—— Observed values

+— Lower limit of observed values

Figure 5. Error bar illustration.

The software simulation results are shown in Figure 6, where the calculated water
levels at each observation well are within the set error range.

In summary, the calculated water levels fit well with the actual observed water lev-
els, indicating a good agreement between the model and the reality. According to the
model, the groundwater flow field generally flows from southeast to northwest under
natural conditions.

In this numerical simulation work, it was considered that the pumping test assumed
the aquifer to be uniformly distributed, but, in reality, the aquifer is non-uniformly dis-
tributed. When using hydrogeological parameters, the parameters of the study area were
appropriately divided and assigned values based on the actual situation of the pumping
test, and the initial model’s parameter zoning was verified based on the actual measured
water level data of the pumping test. After verification, if the water levels of each layer
measured in the pumping test match well with the calculated water levels corresponding
to the model, it indicates that the hydrogeological parameters used in the model can reflect
the actual hydrogeological conditions of the study area, and this can be used to develop an
optimized management model for the study area. Based on the initial model, single-hole
pumping tests were used to validate the numerical simulation. The pumping rates of SW02
and SW04 were 6.307 m®/d and 5.011 m3/d, respectively. The water level of SW04 fitted
well with the actual water level, with an error of 2.9 m.
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Figure 6. Natural field fitting graph.

4. Prediction of Groundwater Environmental Pollution Impact
4.1. Construction of Groundwater Solute Transport Model

Due to the poor hydraulic conductivity and permeability of the clay layer, the move-
ment of pollutants through these areas is relatively slow, resulting in a minor impact on
groundwater infiltration. Considering the occurrence of risks such as equipment, pipeline,
rupture, and failure of the impermeable layer in the factory area, it is believed that pollu-
tants will primarily enter the unconfined aquifer under this risk scenario, and the impact of
pollutants on the unconfined aquifer is predicted. Based on the current impermeable mea-
sures, the potential leakage risks during the long-term production operation of the project
are analyzed. These leakage areas mainly include the aviation coal finished tank area, wax
oil hydrocracking unit, sewage treatment plant, automobile loading and unloading station,
railway loading and unloading station, crude oil tank area, intermediate raw material tank
area, product tank area, etc. According to this report, it is known that the oily wastewater
in this project has the most significant impact on the groundwater environment. Therefore,
the characteristic factor selected for this prediction evaluation is petroleum pollutants.

Considering the structure and distribution of the unconfined aquifer, the locations of
the wax oil hydrocracking unit and the aviation coal finished tank area are directly above
the karst aquifer in the loose aquifer layer without residual soil or clay to block them. In
the event of a leak, pollutants would penetrate the unconfined aquifer and enter the karst
aquifer, causing groundwater pollution. Therefore, the wax oil hydrocracking unit and the
aviation coal finished tank area are selected as two potential pollution sources for predicting
the transport of pollutants in the unconfined aquifer. The pollution sources are abstracted
as continuous point sources, and once a pollution plume is detected at any monitoring well,
the pollution source is cut off. The leakage source concentration is 500 mg/L, and physical
and chemical reactions such as adsorption and degradation are not considered.

Solute transport is based on the water flow model, so the generalization of the water
quality model should match the conceptual water flow model being developed. Parameters,
initial conditions, and boundary conditions of the aquifer are input into the water quality
model. By using the MODFLOW software, the water flow and water quality models are
jointly run to obtain the migration results of the petroleum pollutants in the pore water.
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Under natural conditions, pollutants generally migrate towards the northwest. The initial
concentration of pollutants in groundwater is simulated to be 500 mg/L.

The scope of this solute transport simulation, including the aquifer structure, boundary
types, and generalization of source-sink terms, is the same as the numerical groundwater
flow model. The solute transport model generalization matches the developed water flow
conceptual model. Therefore, the MT3DMS solute transport model is coupled with the
GMS groundwater flow model. Additionally, the simulation of solute transport prediction
focuses on advection and dispersion without considering factors such as adsorption or
chemical reactions. The mathematical model for solute transport is as follows:

2 2 2 2 2 2 Apxe) _ 1) _ a(pz0) _ 2
a(Dxxi) +a(Dyyé) +&(Dzz£) - ax - ay - az +f— 7? (X/y,Z) GQ,tZO

y
c(x,¥,2,0) = co(x,y,2) (x,y,z) € Q )

<05> - ngdc) . Z‘r = ¢(x,y,z,1t) (x,y,z) €T, t >0

This equation consists of the dispersion terms in the first three terms on the left-hand
side and the advection terms in the last three terms. The final term represents the increment
of solute due to chemical reactions or adsorption. Dy, Dy, and D;; are the dispersion
coefficients in the x, y, and z directions; j, piy, and pi; are the actual water flow velocities in
the x, y, and z directions; c is the solute concentration; () is the area of solute seepage; I'; is
the second type of boundary; ¢ is the initial concentration; ¢ is the boundary solute flux;

-, . . . .
v is the seepage velocity; gradc is the concentration gradient.

4.2. Prediction of Groundwater Pollution Impact

The impact of oily sewage on the groundwater environment of the Yunnan Anning
Refinery is the most significant. Therefore, this study mainly evaluates the prediction of
the impact of petroleum pollutants. Combining the stratigraphic structure and distribution
of the unconfined aquifer, the locations of the wax oil hydrocracking unit and the aviation
coal finished product tank area are directly covered by the unconfined aquifer on the karst
aquifer without any residual or cohesive soil barrier. In the event of a leak, pollutants would
penetrate the unconfined aquifer and enter the karst aquifer, causing groundwater pollution.
Therefore, the wax oil hydrocracking unit and the aviation coal finished product tank area
were selected for pollutant transport prediction analysis. The pollutants are conceptualized
as continuous point sources, and the pollutant source is cut off as soon as the pollutant
plume is detected at any monitoring well. At the initial time, the simulated concentration
of the leakage source is 500 mg/L, and no adsorption, degradation, or other physical and
chemical reactions are considered. Pollutant leakage mainly includes two scenarios. The
first scenario is leakage from the wax oil hydrocracking unit, where pollutants leak on
the surface or near the surface and then migrate in the unconfined aquifer before, after a
period of time, vertically penetrating the cohesive soil weakly permeable layer to enter
the sand and gravel lens. The second scenario is the simulated leakage from the aviation
coal finished product tank area, where pollutants directly leak into the permeable sand
and gravel lens, which is in direct contact with the karst aquifer. The locations of the
two pollution sources are shown in Figure 7.

In Scenario 1, using the water quality model, a pipeline rupture or equipment leakage
of petroleum pollutants to the surface or near-surface clay layer is simulated, with a leakage
rate of 5.8 mL/s (0.5 m3/d). The simulated pollutant transport results from Figure 8
show that, after 360 days of leakage, a concentration peak of 0.364 mg/L penetrates a
30 m thick unconfined aquifer and enters the Baiyunyan karst aquifer of the Yuhu Village
Group. At this time, the center concentration in the clay layer is 61.193 mg/L, with a
contaminated area of approximately 0.0041 km?; the contaminated area in the sand and
gravel layer is approximately 145.6 m2. Due to the proximity of the simulated leakage
point to JC22, according to Darcy’s law, when pollutants enter the karst aquifer, JC22
can detect the pollutants in approximately 1 to 2 days (with a minimum concentration of
approximately 0.3 mg/L).
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Figure 7. Pollution source location distribution map.
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Figure 8. Contaminant plume on the 360th day in Scenario 1.

In the actual process of detecting the contaminant plume, the pollutants infiltrate
vertically into the sand or gravel lens and then move horizontally with the water flow to
the monitoring well from the lens. Although the horizontal permeability and dispersion
coefficients of the clay are much larger than the corresponding vertical parameters, the
horizontal migration distance is too long. Therefore, the transport of pollutants in the clay
mainly manifests as vertical infiltration.

In Scenario 2, the water quality model is used to simulate the leakage of petroleum
pollutants from underground pipelines into the sand and gravel layers. For the sake of
simulation accuracy, the calculation units of the third layer of the model are refined into
three layers. According to the simulation results in Figure 9, the leading edge of the
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contaminant plume (30 mg/L) can penetrate the overlying unconfined aquifer and enter
the underlying karst aquifer after 75 days, with a center concentration of 20.84 mg/L.
According to Darcy’s law, the pollutants leaking into the karst aquifer can be detected
in the karst monitoring well JC33 after 1 day. However, it takes about 210 days for the
leading edge of the contaminant plume (30 mg/L) to be detected in the unconfined aquifer
monitoring well JC03, which is much faster than the 960 days in the clay layer (due to the
weak mechanical dispersion of the clay layer overlying the sand and gravel layer, numerical
dispersion occurs during the model simulation, resulting in two prominent angles in the
vertical contaminant plume).

Unit:mg/L|

species |1 sand layer3 sthrt : 750 Unit:mg/L i}cclcsj sanfl layer3 star{ : 750
50.63

B 5063
4224 - 0224
3385 33.85
546 P 2546
17.08 17.08

I 8.69 8.69
0.30 0.30

clay

y -

sand ler profile

Refined first layer of sand and gravel

species |l sand layer3 stgrt : 750 Unit:mg/L species |1 sand layer3 sthrt : 750 Unit:mg/L
W 50.63 B 50.63
4224 004
1C03 2 -
3355 s 1C03
| = . =0
17.08 17.08
8.69 8.69
030 0.30

Refined second layer of sand and gravel Refined third layer of sand and gravel

Figure 9. Scenario 2, contaminant plume at 75 days.

5. Groundwater Pollution Prevention and Control Management Research
5.1. Construction of Groundwater Pollution Prevention and Control Management Model

The most widely used method in groundwater pollution prevention and control
emergency response is the extraction and treatment method. Its design and application are
based on the hydrogeological conditions of the pollution area, the nature and distribution
characteristics of the pollutants, and the application of groundwater hydrodynamic theory.
By reasonably setting up pumping wells downstream of the pollution zone, a capture zone
containing the entire groundwater pollution plume is formed. This allows for the extraction
of all contaminated groundwater to achieve pollution control objectives. Pumping wells
are generally located in the plume (where the hydraulic gradient is low) or downstream of
the plume (where the hydraulic gradient is high). By replenishing and flushing the aquifer
around or upstream of the capture zone, the concentration of pollutants in the groundwater
is gradually reduced. The objective function of the pollution prevention and control
model is to minimize pumping while maximizing the removal of pollutant loads from
the system, ensuring that all pollutants are extracted. The model’s constraint conditions
mainly include karst subsidence constraints, ground subsidence constraints, and single-well
pumping capacity constraints. Based on the objective function and constraint conditions, a
groundwater pollution prevention and control management model for the refinery area is
constructed and optimal pollutant removal schemes under different scenarios are obtained.
To ensure the effective interception of the pollution plume, when pollutants are detected in
monitoring wells, the information is fed back to the control system and emergency wells,
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and monitoring wells should be activated promptly. Therefore, the duration, quantity,
and pumping rates of emergency and monitoring wells (i.e., the total pumping volume of
emergency wells in a certain management period) are the decision variables of this system.
Considering the objective function, various constraint conditions and decision variables,
the pollution prevention and control management model for the groundwater system of
the Anning Refinery is:

{Mi’” = it it € Qi) 3)

LM=yM

Qi) = 4(.)
{H} < {H}; < {Hu}
Wi} < {Wh < {Wu}
S.T. T<T @)
s<s
j=1,2---,5
i=1

The interpolation method used in the numerical simulation involves finite difference.
Therefore, the equations of a series of constraints in the study area, along with the hydro-
logical and water quality models, are combined and solved using the numerical model.
Various operational conditions designed for the study area are considered, and a series of
constraints are incorporated into the numerical model, along with the hydrological and
solute transport models, to solve for the most effective pollution control measures under
different conditions. When dealing with pollution through pumping, the pumping wells
are set up as concentration observation wells at the same time the solute transport model is
used. This allows for monitoring the relationship between the pollutant concentrations in
various observation wells and at various times under different pumping rates, as well as
selecting the optimal pumping scheme based on data analysis. Emergency disposal wells
are activated to treat oil pollution. Under pumping conditions, when the flow rate reaches
a certain value, a cone of depression forms, increasing the groundwater flow velocity and
hydraulic gradient. As a result, pollutants flow back towards the pumping well, leading to
an increase in pollutant concentration near the pumping well. The greater the pumping
rate, the faster the pollutants flow back; a greater inward hydraulic gradient is also formed,
which improves the efficiency of pollutant control. However, excessive pumping can lead
to the groundwater recharge rate in the aquifer being lower than the pumping rate, result-
ing in the aquifer being dewatered, affecting downstream wells and spring water levels
and causing some geological hazards. Therefore, it is necessary to provide a reasonable
pumping scheme based on different operational conditions to control pollutants with the
minimum pumping volume. When pollutants are detected to be leaking in monitoring
wells, emergency disposal wells are immediately activated, and monitoring wells can also
be used as emergency disposal wells if necessary. The cone of depression must completely
envelop the plume to ensure that all leaked pollutants are pumped out and treated. Using
numerical models to estimate the time required for all pollutants to reach the pumping
well, which serves as a basis for the pumping duration. Pumping can only be stopped
when the sample tests meet the standards.

5.2. Groundwater Pollution Control Plan

Based on the geological structure, the local area of the plant is directly in contact with
the karst aquifer, and once pollutants leak, they will pose a threat to the karst aquifer.
Pollutants may leak in two locations, either on the surface or in the near-surface clay layer
or directly into the sand and gravel lenses, so two scenarios are simulated. Scenario 1 is
that pollutants leak on the surface or near the surface, then migrate through the unconfined
aquifer and, after a period of time, vertically penetrate the clay weak aquifer, enter the
sand and gravel lenses, and finally enter the karst aquifer in the form of long-term low
concentrations. Scenario 2 is that pollutants leak directly into the permeable sand and
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gravel lenses. The residence time of pollutants in the unconfined aquifer is relatively short
and the concentration entering the karst aquifer is relatively high.

Scenario 1: When pollutants leak for 360 days, monitoring well JC22 detects the
pollution plume. Assuming that measures are taken immediately to cut off the pollution
source and activate JC02, the pumping duration should not exceed 207 days due to the
ground subsidence constraint. The maximum pumping rate is 26 m3/d based on the
pumping well’s pumping capacity constraint. Pumping is conducted to meet all constraints.
When JC02 has been pumping for 205 days, the center concentration of the pollution
plume decreases from 61.93 mg/L to 52.216 mg/L. The lowest concentration in the sand
and gravel lenses plume is 0.36 mg/L. Horizontally, the pollution plume moves slowly
towards pumping well JC02, with a slight decrease in the center concentration of pollutants.
Vertically, pollutants continue to leak (Figure 10 and Table 3).

First layer Second layer Third layer
K}
Pumping for 30 days Pumping for 30 days Pumping for 30 days
=3
Pumping for 60 days Pumping for 60 days Pumping for 60 days
Jcor ‘
Pumping for 120 days Pumping for 120 days Pumping for 120 days

Figure 10. Migration of the pollution plume under continuous pumping conditions at JC02.

Table 3. Center concentration values of each layer under pumping conditions at JC02.

Duration of Pumping Center

) 30 60 120
Concentration Value
First layer: 59.77 58.39 55.73
Second layer: 17.04 17 16.91
Third layer: 0.336 0.333 0.34

The simulation results indicate that the clay layer has a good pollution isolation capa-
bility, with a slow horizontal diffusion of pollutants in the clay layer. It takes a long time
for pollutants to be detected in the monitoring wells in the unconfined aquifer. At this
time, the low-concentration pollution plume may have already penetrated the unconfined
aquifer and entered the underlying karst aquifer. Because the concentration of pollutants
entering the karst aquifer is low, pollutants can only be detected in karst water monitoring
wells close to the leakage point. If the karst water monitoring wells are far from the leakage
point, the dilution effect of karst water may reduce the pollutant concentration below the
detection limit, making it undetectable. Initiating pumping at well JC02 can help mitigate
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the downward infiltration of pollutants to some extent. Since pumping has little effect on
reducing the concentration value, it is recommended to immediately start well JC22 after
discovering pollutant leakage while simultaneously starting the unconfined aquifer moni-
toring wells at a fixed frequency and pumping at maximum pumping capacity (Figure 11).
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Figure 11. Trend chart of the center concentration of pollutants at the pollution source when pumping
directly from JCO02.

Assuming that petroleum pollutants leak from the surface, the pollutants need to
slowly penetrate the clay layer before the low-concentration front of the pollution plume
can reach the aquifer (gravel and sand). The groundwater entering the monitoring wells or
emergency wells mainly comes from the gravel lens and sand lens. Pumping from moni-
toring wells or emergency wells near the pollution source can only extract pollutants with
lower concentrations, resulting in very little pollutant mass being pumped out. Therefore,
long-term pumping has little effect on reducing the center concentration of the pollution
plume. If the monitoring wells or emergency wells are very close to the pollution source
(assumed to be directly at the pollution source in the model), although the permeability
coefficient of the clay layer is poor, the water flow extracted from the underlying gravel
lens and sand lens can carry out a large amount of pollutants, and the efficiency and
effectiveness of pollution prevention are significantly better than using nearby monitoring
wells. Continuous pumping for 120 days from nearby monitoring wells only reduces
the center concentration of the pollution source by 8.6%, while pumping directly at the
pollution source reduces the center concentration by 47.3% (Figures 12 and 13). Therefore,
it is recommended to place monitoring wells as close to the potential pollution source as
possible, and the monitoring wells should penetrate the gravel or sand lens. Due to the
poor mechanical dispersion ability of the clay, numerical dispersion may occur during
solute transport simulation, as shown in Figure 12. When pumping at the center of the
pollution source, as the simulation time progresses, the surrounding low-concentration
pollution plume expands outward.
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Pumping for 5 days Pumping for 30 days Pumping for 60 days Pumping for120 days

First layer

Second layer

Third layer

The yellow dots at the center of the pollution plume represent virtual pumping wells
The yellow dots on the left side of the pollution plume represent actual loose layer pumping wellsJc02

Figure 12. The movement of the pollution plume under continuous pumping conditions at the
pollution source.
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Figure 13. Migration of the pollution plume under continuous pumping conditions at JC03.
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In Scenario 1, after the pollutant leaks, it lingers for a long time in the backfill soil and
clay layer, with the specific duration being closely related to the thickness of the backfill
soil and clay layer at the leak site. The movement of the pollutant in the clay is slow
both horizontally and vertically. Compared to horizontal movement, vertical movement is
much shorter, so the pollutant mainly moves vertically downward. When the pollutant
enters the sand and gravel aquifer, it starts to horizontally disperse with the relatively fast
groundwater flow. However, since some sand and gravel aquifers are directly in contact
with the underlying karst aquifer, the low-concentration plume (0.3 mg/L) penetrates the
sand and gravel aquifers in a shorter time than it would take to move horizontally to
downstream of the unconsolidated aquifer monitoring wells. Therefore, the pollutant has
entered the karst aquifer before being detected in the unconsolidated aquifer monitoring
wells. The pollutant migrates downstream quickly with the fast-flowing karst water
and, generally, the pollution is detected earlier in karst water monitoring wells than in
unconsolidated aquifer monitoring wells. Due to the interception effect of the clay layer,
high-concentration pollutants remain in the clay for a long time, and only low-concentration
pollutants continuously enter the sand and gravel aquifers and then the karst aquifer, with
the pollutant concentration in the aquifers being slightly higher than in the karst aquifer.

When a low-concentration plume is detected in karst water monitoring wells, it in-
dicates that the overlying unconsolidated aquifer has been contaminated with a higher
concentration of pollutants. At this point, it is necessary to immediately activate the karst
water monitoring wells or emergency wells to intercept the low-concentration pollutants
infiltrating from the unconsolidated aquifer and simultaneously search for the pollution
source. Activating the nearest unconsolidated aquifer monitoring wells or emergency wells
to the pollution source ensures the maximum control of the infiltrating pollutant concen-
tration. The closer the well is to the pollution source, the higher the pumping efficiency
and the faster the reduction in the center concentration of the pollution plume, provided
that the monitoring wells or emergency wells expose the sand and gravel aquifers. If the
area around the pollutant leak consists entirely of clay and lacks aquifers, the effectiveness
of pumping wells may be limited. The natural recharge conditions of the unconsolidated
aquifer in the factory area may be poor and may not be able to sustain prolonged pumping.
Therefore, it may be necessary to use intermittent pumping to control the infiltration of
pollutants after their discovery, depending on the actual conditions. In this case, if only
karst water monitoring wells and unconsolidated aquifer monitoring wells are used for
pumping to control the migration of pollutants, it may be difficult to completely remove
the pollutants retained in the clay layer in the short term.

Scenario 2: Assuming that the pollution plume penetrates vertically through the
unconsolidated aquifer into the karst aquifer and is detected, immediate measures are
taken to discover and intercept the pollution source within a few days. The concentration
distribution of pollutants at day 80 is taken as the initial concentration for the pumping
stage. Pumping at a rate of 40 m3/d from JC03, only 1.03% of the pollutants can be pumped
out in 205 days (the maximum continuous pumping duration due to ground subsidence
is 207 days). Even if pumping is carried out at the same rate directly from the pollution
source, only 9.0% of the pollutants can be removed. As shown in Figure 13 the main part
of the pollution plume is not reduced by pumping from the well but rather seeps into
the karst aquifer of Yuhu Village Group along with groundwater flow from the higher
hydraulic head sand or gravel aquifers to the lower hydraulic head. Therefore, if the
pollution directly occurs in the sand or gravel aquifers that directly contact the karst aquifer,
due to the characteristics of the unconsolidated aquifer and the limitations of the pumping
capacity of the unconsolidated aquifer monitoring wells, using the unconsolidated aquifer
monitoring wells for pollution control is not very effective. It is recommended to use the
nearest karst aquifer monitoring wells or emergency wells for pollution control.

In Scenario 2, the pollutants do not need to penetrate the clay layer, and the horizontal
and vertical migration times of pollutants in the sand and gravel lenses are relatively shorter
than in Scenario 1. Although the permeability of the sand and gravel lenses is good, similar
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to the clay layer, the vertical migration distance of pollutants in them is much smaller than
the horizontal movement distance, so vertical migration is still predominant. Compared to
Scenario 1, pollutants can quickly enter the underlying karst aquifer in Scenario 2, with a
relatively high percolation concentration ranging from 1 to 102 mg/L under the current
simulation conditions. Similarly, although the horizontal migration speed of pollutants in
the sand and gravel lenses is much faster than in the clay layer, it is still slower than in the
karst water, so once the unconfined aquifer is penetrated, pollutants are more likely to be
detected in downstream karst water monitoring wells. Numerical simulations have found
that, even in Scenario 2, opening a pumping well in the unconfined aquifer directly at the
source of pollution still makes it difficult to control the infiltration of pollutants. This is
because the allowable pumping volume of the unconfined aquifer is small and it is difficult
to capture all the pollution plumes with the formed funnel. Therefore, if high concentrations
of pollutants are found in karst water monitoring wells, it is recommended to mainly use
karst water monitoring wells for prevention and control, as the use of unconfined aquifer
monitoring wells is not very helpful. In this case, once the pollution source is cut off,
pollutants in the sand and gravel lenses generally enter the karst aquifer completely within
a year, unlike pollutants in the clay layer, which may remain for a long time. As long as the
pumping activity of downstream karst water monitoring wells is maintained, it is possible
to intercept and control the infiltration of pollutants.

6. Conclusions

This article focuses on the groundwater of the Anning Refinery in Yunnan Province. By
coupling a numerical simulation of groundwater flow with the construction of a groundwa-
ter pollution transport model, a groundwater pollution prevention and control management
model was developed. It deeply explores the transport laws of pollution plumes under
different pollution scenarios and proposes a multi-objective groundwater pollution control
scheme. The main conclusions are as follows:

1. A numerical groundwater flow model was constructed using the MODFLOW module
in GMS software. Under natural flow field conditions and the conditions of a group of
well pumping tests, the groundwater flow model fit well, with small errors, showing
a trend in flow from south to north.

2. On the basis of the GMS groundwater flow model, a groundwater solute transport
model was developed by coupling with the MT3DMS model. The dispersion data mea-
sured by a sodium chloride tracer were used to calibrate the model, and a pollution
transport prediction analysis of two potential pollution sources, the wax hydrocrack-
ing unit and the aviation coal finished product tank area, was conducted. In Scenario
1, when petroleum pollutants enter the karst aquifer, the nearby karst monitoring
wells can detect them in about 1-2 days. In Scenario 2, petroleum pollutants in the
karst aquifer can be detected in karst monitoring wells after 1 day.

3.  Combining constraints such as karst collapse, ground subsidence, and single-well
water output capacity in the study area, a groundwater pollution prevention and
control management model was constructed to simulate optimal removal schemes
for groundwater pollutants under different scenarios. In Scenario 1, when a low-
concentration pollution plume is detected in the karst water monitoring wells, it
indicates that the upstream unconfined aquifer has been subjected to a high concen-
tration of pollution and the nearest unconfined aquifer and karst water monitoring
wells or emergency wells should be opened immediately. In Scenario 2, when a
low-concentration pollution plume is detected in the karst water monitoring wells,
the efficiency of using the unconfined aquifer monitoring wells for drainage is low,
so the nearest karst water monitoring wells or emergency wells should be used for
pollution prevention and control.

The findings emphasize the importance of proactive monitoring and emergency re-

sponse measures tailored to the specific hydrogeological conditions of the region, validate
the value of coupled numerical modeling approaches in simulating pollutant migration,
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and provide a framework for assessing the efficacy of different pollution control scenarios.
Opverall, the study has important implications for the management and protection of ground-
water resources and guides the development of more effective management strategies in
industrial areas, especially in areas with high pollution risks, with a view to providing new
ideas and insights for the provision of similar industrial environments worldwide.
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