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Abstract

Accurate identification of groundwater pollution sources is crucial for the socio-economic
development of a region. In highly urbanized areas, where human activities have a pro-
nounced impact on groundwater, however, the hydrochemical evolution patterns and
sources of pollutants remain unclear. Taking Shenzhen, a highly urbanized city in China, as
a case study, this research employed a combination of multivariate statistical techniques and
the Positive Matrix Factorization (PMF) model to elucidate the hydrochemical evolution
and quantitatively parse the pollution sources of groundwater in such regions. The results
revealed that the pH of groundwater in the study area ranged from 4.24 to 7.31, indicating
weak acidity to neutrality. The exceedance rates for pH, NH,4*, COD, Mn, and Fe were
as high as 67.1%, 44.3%, 44.3%, 34.3%, and 31.4%, respectively. The Water Quality Index
assessment revealed that 32.9% of the groundwater samples were classified as poor, high-
lighting the significant impact of human activities. Land-use types significantly affected
groundwater quality, with urban areas exhibiting higher concentrations of the COD, NO;~,
Mn, and Fe compared to agricultural and forested areas. The predominant hydrochemical
type of groundwater in the study area was HCO;3-Cl—Ca-Na, with rock weathering (pri-
marily silicate weathering) being the dominant process controlling groundwater chemistry.
The PMF model identified three major pollution sources in the highly urbanized region:
domestic and industrial wastewater, enhanced water-rock interactions leading to the release
of hydrochemical components, and agricultural fertilizers, contributing 43.9%, 37.0%, and
19.1% to groundwater pollution, respectively. Geostatistical spatial interpolation techniques
demonstrated that in urban areas, groundwater quality was primarily controlled by the
discharge of domestic and industrial wastewater, while in agricultural areas, excessive
fertilizer application was the main driver of groundwater degradation. These findings
provide a scientific basis for groundwater pollution prevention and sustainable utilization
in highly urbanized regions.

Keywords: urbanization; groundwater; pollution source apportionment; PMF model;
land use

1. Introduction

As one of the world’s most vital freshwater resources, groundwater accounts for
approximately 96% of the planet’s total freshwater reserves. It serves not only as a crucial
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source of drinking water for numerous regions but also plays an essential role in agricul-
tural irrigation and industrial water use [1-3]. In arid and semi-arid areas, groundwater
often represents the sole reliable water supply [4]. However, the increasing global pop-
ulation and rapid urbanization have led to a continuous rise in groundwater extraction
and utilization. Concurrently, human activities have intensified the impact on ground-
water quality [5,6]. Groundwater contamination poses a threat not only to the safety of
drinking water but also to human health and ecosystems through its use in irrigation
and industry [7-9]. Thus, accurately identifying the sources of groundwater pollution has
become of paramount importance.

In recent years, the issue of groundwater contamination has garnered increasing atten-
tion, with notable advancements in the identification of pollution sources both domestically
and internationally. Traditionally, the identification of groundwater pollution sources has
primarily relied on chemical analysis methods, which involve measuring the concentrations
of various pollutants in groundwater and utilizing ratios between different water chemical
components to identify pollution sources [10,11]. However, this approach faces limitations
when dealing with complex pollution sources, as it struggles to accurately differentiate
pollutants from various origins. Some scholars have employed periodic sampling and
detection in conjunction with multivariate statistical techniques, such as correlation analysis
and principal component analysis, to qualitatively identify the sources of pollutants in
groundwater [12]. Nevertheless, these multivariate statistical techniques fail to accurately
quantify the contribution rates of individual pollution sources [13]. In recent years, the
Positive Matrix Factorization (PMF) model, developed by the U.S. Environmental Protec-
tion Agency, has been widely applied in source apportionment studies of atmospheric,
soil, and surface water environments [14,15]. This model not only accurately identifies
the sources of pollutants in the environment but also quantifies the contribution rates of
each pollution source to the entire study area and the monitoring sites [16,17], thereby
enhancing the efficiency of source tracing. Although the PMF model is widely used in other
environmental media, its application to identify groundwater pollution sources, especially
in highly urbanized areas with multiple pollution sources, remains limited.

The groundwater systems in urbanized regions are influenced by both geological
structures and human activities, such as industrial production, agricultural practices, urban
construction, and domestic wastewater discharge. These influences lead to significant
variations in the recharge, flow, and discharge mechanisms across different areas, resulting
in complex and dynamically changing pollution sources [18]. Therefore, investigating
the sources of groundwater pollution in highly urbanizing areas holds great scientific
significance and practical application value. Shenzhen, located in the Pearl River Delta, is a
highly developed and densely populated modern city. With the acceleration of urbanization,
the city’s groundwater system is under multiple pressures. On one hand, urbanization
has increased impervious surfaces, altering the recharge conditions of groundwater [19].
On the other hand, human activities like industrial production, agricultural practices, and
domestic wastewater discharge have significantly heightened the risk of groundwater
contamination [20]. At present, systematic studies on the sources of groundwater pollution
in Shenzhen are still lacking. Most research has focused on the current status and extent
of groundwater quality, with insufficient in-depth analysis of the dynamic changes in
pollution sources [21,22]. This limitation makes it difficult to fully understand the complex
pollution sources. Thus, conducting a comprehensive study on the sources of groundwater
pollution in Shenzhen is of great scientific and practical significance.

This study systematically investigates the hydrochemical evolution and pollution
sources of groundwater in Shenzhen by integrating a suite of techniques, including chemical
analysis, multivariate statistical techniques, the PMF model, and GIS spatial interpolation.



Water 2025, 17, 2945

30f19

The research focuses on three main aspects: (1) the characteristics and assessment of
groundwater quality in highly urbanized areas; (2) the hydrochemical evolution patterns
of groundwater in these regions; and (3) the quantitative identification of groundwater
pollution sources. The findings are expected to provide crucial insights for groundwater
protection and pollution control in rapidly urbanizing areas.

2. Materials and Methods

2.1. Study Area
2.1.1. Overview of the Study Area

Shenzhen is a modern international metropolis situated in the southern part of Guang-
dong Province, China. It lies on the eastern shore of the Pearl River estuary, borders Daya
Bay and Dapeng Bay to the east, fronts the Pearl River estuary and Lingdingyang to the
west, adjoins Hong Kong along the Shenzhen River to the south, and abuts Dongguan and
Huizhou to the north. The city is located south of the Tropic of Cancer between longitudes
113°43/-114°38' E and latitudes 22°24/-22°52" N, covering a total area of 1997.47 km?. The
multi-year mean annual air temperature is 23 °C, and the multi-year mean annual precipi-
tation is 1935.8 mm, with an average of 131 rainy days per year. Among them, farmland
accounts for 7.65%, urban and rural land accounts for 24.3%, forest and grassland account
for 64.1%, and water area accounts for 3.95%.

Rapid socio-economic development in recent decades has made Shenzhen one of
China’s most urbanized cities, with an urbanization rate approaching 100%. Its industrial
activities include high-tech industries, advanced manufacturing, traditional manufactur-
ing, electroplating, printed circuit board manufacturing, chemical industry, textile and
dyeing industry, papermaking industry, and food processing, among others. Concomitant
growth in industrial and agricultural water demand has exerted substantial pressure on
groundwater quality.

2.1.2. Geological and Hydrogeological Conditions

Shenzhen lies within the hydrogeological sub-region of the Pearl River Delta. Exposed
strata in the area comprise mainly the Lower Paleozoic, Middle and Upper Devonian,
Carboniferous, Jurassic, Cretaceous, Tertiary and Quaternary systems. Structural features
are well developed; NE-trending structures predominate, followed by NW-trending and E-
W-trending structures, with minor N-S-trending faults sporadically exposed. Quaternary
deposits are widespread, consisting predominantly of alluvial layers along riverbanks,
fluvio-marine deltaic sequences at estuaries, and marine deposits along the coastal zone.

Groundwater in Shenzhen can be classified into three types: pore water in uncon-
solidated Quaternary sediments, fissure water in bedrock, and karst water. The primary
recharge sources are atmospheric precipitation and lateral inflow from rivers. In addition,
groundwater can also be replenished through human-made structures such as reservoirs,
agricultural irrigation systems, and ponded water in pits. Groundwater flow is controlled
by topography, generally moving from mountainous or hilly areas toward valley basins,
ultimately discharging southward into the sea or northward into Dongguan and Huizhou.
Discharge mechanisms include spring outflow, baseflow to surface water bodies, evapora-
tion and artificial abstraction.

2.2. Sample Collection and Analysis
2.2.1. Acquisition of Groundwater Samples

Groundwater samples were collected during June—July 2021. A total of 70 samples
were obtained exclusively from domestic wells; their spatial distribution is shown in
Figure 1. Prior to sampling, bottles were rinsed with deionized water; immediately before
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collection, each bottle was conditioned by rinsing three times with the groundwater to be
sampled to ensure cleanliness. After collection, samples were placed in portable refrigerated
coolers, transported to the laboratory, filtered through 0.45 um membranes, and stored in
500 mL polyethylene bottles. Aliquots designated for cation analysis were acidified to pH
<2 using 1:1 HNOs.

Legend - Farmland
®  Sampling sites -
Forest
:I Administrative
district scope - Urban
‘:] Bare land
- Water

Figure 1. Distribution Map of Sampling Sites.

2.2.2. Hydrochemical Analysis

Measured parameters comprised field-determined pH and dissolved oxygen (DO),
together with laboratory analyses for K*, Na®, CaZ, Mg2+, Cl—, SO4%2~, HCO3~,NO; ™,
NO,~, NH4*, chemical oxygen demand (COD), total hardness (TH), total dissolved solids
(TDS), Fe, and Mn. Analytical methods, instrumentation, and method detection limits for
each hydrochemical variable are summarized in Supplementary Table S1.

2.2.3. Analysis of Data
Water Quality Index (WQI) Approach

The Water Quality Index is a widely recognized tool for assessing groundwater quality
and its suitability for drinking purposes. In the WQI calculation, each hydrochemical
parameter is assigned a weight (W;) that reflects its relative importance to overall ground-
water quality. The present study adopts the Class III thresholds prescribed by the Chinese
“Standard for Groundwater Quality” (GB/T 14848-2017) [23] as the primary reference;
where a parameter is not included in that standard, the guideline value given by the World
Health Organization (WHO, 2011) [24] is used instead.

The procedural steps for computing WQI are summarized below:

Wi
W, = !
Z i1 Wi

Qi = Ci/s; x 100
SI] = Wi X Qi
WQI =) SI;

where Q; denotes the quality rating; C; and S; denote the concentration (mg/L) and the
water quality standard of each indicator, respectively; and SI; is the sub-index of the i-th
indicator. The specific values of the weights assigned to each water chemistry index are
detailed in Supplementary Table S2.
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Positive Matrix Factorization (PMF) Model

The PMF model, recommended by the United States Environmental Protection Agency,
is a receptor-oriented source-apportionment technique. By decomposing the sample-
variable matrix into factor contributions and profiles through non-negativity constraints on
both matrices, PMF reduces high-dimensional hydrochemical data to a small number of
latent factors without requiring prior source-composition spectra. Owing to its operational
simplicity and robustness, the method has been extensively applied to atmospheric, soil,
and aquatic environmental systems.

The model computation is expressed as Equation:

P
Xij =) gifri +eij
k=1
where Xj;: Concentration of species j in sample i; gj: Contribution of source k to sample
i; fkj: Concentration of species j in source k; and ejj: Residual, i.e., the portion of X<sub>
not explained by the PMF model. PMF iteratively decomposes the original data matrix to
obtain the optimal matrices G and F by minimizing the objective function Q.

Spatial Interpolation

Spatial interpolation is a fundamental technique in geographic information systems
(GIS) and spatial analysis that estimates values at unsampled locations from point observa-
tions. In water-quality studies, it is routinely employed to map pollutant concentrations,
water temperature, bathymetry, and other variables. Kriging-an optimal geostatistical
interpolator-exploits spatial autocorrelation by fitting a semivariogram model to the data;
it minimizes the estimation variance while preserving the spatial structure of the vari-
able. Beyond yielding accurate, smooth prediction surfaces, Kriging also quantifies the
uncertainty of each estimate. In the present work, Kriging was applied to project the
source contributions obtained from the PMF model onto the study-area basemap, thereby
visualizing the spatial distribution of contaminant sources across Shenzhen.

Multivariate Statistical Techniques

To assess the variations in groundwater quality among different land-use types, the
nonparametric Kruskal-Wallis test was utilized, with a significance level set at p < 0.05.
Subsequently, pairwise comparisons between the three groups were carried out using the
Mann-Whitney U test. The R computing platform was employed to perform all statistical
analyses (version 4.3.2 (New Zealand)).

Chloro-Alkaline Indices (CAI)

To elucidate the chemical evolution process of groundwater, we utilized CAI to evalu-
ate the cation exchange among its chemical constituents.

[v(Na®) +y(K")] —y(CI7)
v(CI7)

[v(Na™) +9(K")] —y(CI7)

7(8037) +(HCO3 ) +7(co?)

CAI-1=

CAI -2 =
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3. Results
3.1. Properties of Groundwater Hydrochemistry

To thoroughly assess the groundwater quality within the study area, a detailed statisti-
cal analysis was performed on the hydrochemical parameters obtained from all sampling
points. The compiled data for each chemical parameter can be found in Table 1. Ground-
water pH across the study area ranges from 4.24 to 7.31, with a mean of 6.08; 67.1% of the
samples fall below the national Class III threshold (pH < 6.5), indicating a predominantly
weakly acidic to neutral signature. Previous studies have found that the frequency of acid
rain in the Shenzhen area is as high as 70%, with an average pH value of 4.25. Therefore,
acidic precipitation could be an important reason for the low pH of groundwater [25].
Dissolved-oxygen (DO) concentrations vary between 0.950 and 8.19 mg/L (mean value
is 2.85 mg/L); The low concentration of DO is closely related to the shallow depth of
groundwater and its susceptibility to human activities [26]. Cation abundances follow
the order Ca®* (46.5 mg/L) > Na* (46.0 mg/L) > K* (21.9 mg/L) > Mg?* (5.22 mg/L) >
NH4* (4.78 mg/L). NH4" exceeds the Class III limit in 44.3% of the samples, evidencing
pronounced anthropogenic inputs. Anion abundances decrease as HCO3™ (158 mg/L) >
CI™ (66.7 mg/L) > SO42~ (39.5 mg/L) >NO3;™ (31.3 mg/L) > NO,;™ (1.94 mg/L); NO,~
and NO3 ™ surpass the respective thresholds in 14.3% and 10.0% of the samples, further
confirming intensive human impact. Chemical oxygen demand (COD) ranges from 0.530
to 47.3 mg/L (mean 5.37 mg/L), with an exceedance rate of 44.3%. The wide concentration
span and high non-compliance rate stem from domestic and industrial effluents, agricul-
tural non-point sources, and heterogeneities in hydrogeological settings. Mean Fe and
Mn concentrations are 0.992 and 0.278 mg/L, respectively, with exceedance rates of 31.4%
and 34.3%. Overall, the exceedance rate of groundwater chemical components in highly
urbanized areas is higher than that in areas with lower levels of urbanization, such as
riparian zones and agricultural areas [27,28]. This further indicates that the groundwater
quality in highly urbanized areas has been strongly affected by human activities.

Table 1. Statistical table of hydrochemical components of groundwater in the study area.

Exceed
Parameters Units Range Mean SD Standard Standards for
All Sites (%)
pH — 4.24-7.31 6.08 0.678 6.5~8.5 67.1
DO mg/L 0.950-8.19 2.85 1.43 — —
TDS mg/L 44.8-1906 465 424 <1000 12.9
K* mg/L 0.26-104 21.3 25.5 — —
Na* mg/L 2.91-342 46.0 51.1 <200 1.43
Ca?* mg/L 3.19-247 46.5 46.6 — —
Mg?* mg/L 0-23.2 5.22 4.57 — —
NH4* mg/L 0-45.0 4.78 10.2 <0.643 443
Cl~- mg/L 3.57-496 66.7 74.3 <250 2.86
SO4%~ mg/L 0.142-295 39.5 47.0 <250 1.43
HCO3~ mg/L 6.04-673 158 173 — —
NOs~ mg/L 0.662-185 313 37.5 <88.6 10.0
NO,~ mg/L 0.003-33.2 1.94 5.71 <3.29 14.3
TH mg/L 13.8-617 142 125 <450 1.43
Mn mg/L 0.003-2.96 0.278 4.75 <0.1 34.3
Fe mg/L 0-11.5 0.992 36.5 <0.3 314
COD mg/L 0.530-47.3 5.37 232 <3 44.3

Note: The Standard Refers to the Class III Standard of the Chinese Groundwater Quality Standard (GB/T
14848-2017) [23].
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3.2. Types of Groundwater Hydrochemistry

Piper diagrams were employed to delineate the hydrochemical facies, dominant ion
assemblages, and evolutionary trends of groundwater within the study area. As illustrated
in Figure 2, samples were classified according to the Shukalev scheme. Carbonate alkalinity
(HCO3™) predominates among anions, whereas sodium (Na*) constitutes the principal
cation. Thirteen distinct hydrochemical types were identified; the four most prevalent
are HCOj3-Cl-Ca-Na (50.0%), HCO3-50,4-Cl-Ca-Na (12.9%), HCO3—Ca-Na (10.0%), and
HCO;-Cl-Ca (7.14%). Notably, C1~, Na*, and SO42~ appear in 82.9%, 85.7%, and 20.0% of
the facies designations, respectively—an unambiguous signal of anthropogenic modifica-
tion of the groundwater system.

N e
A.Mg type
/ 'Ep .
B.Nod t
D SO, Cl-Ca-Mg type > - a% “ iy tfp"i'"a"
@ > X i
@ HCO;-Na type G:( . 0%‘) D.Na type
! d E.SO
@ HCO;-Ca-Mg type ® w . HC‘;OtyltJe
s 3 Lype
@ SO,-ClI-Na type it
S 2
s & @ Urban
@ Farmland

@ Forest

0.4
Ca2+

Figure 2. Hydrochemical Types of Groundwater.

3.3. Water Quality Assessment by Using WQI Methods

The WQI was applied to assess groundwater potability across the study area (Table 2).
Of the sampled sites, 60.0% were classified as “excellent”, 7.1% as “good”, whereas 4.3%
were rated “poor” and a further 4.3% as “very poor”. Approximately 24.3% of the stations
yielded water deemed “unsuitable for drinking”. Significantly, all non-potable sites are lo-
cated within urban land-use zones, highlighting that rapid urbanization and the associated
anthropogenic pressures are the primary drivers of groundwater quality degradation [29].
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Table 2. Statistics of water quality assessment results.
Water Quali Comprehensive Monitorin,
ty Water Quality .oring Proportion (%) Urban (%) Forest (%) Farmland (%)
Level Stations
Score
Excellent water <50 42 60.0% 24.29% 14.3% 21.4%
Good water 50-100 5 7.14% 4.29% — 2.86%
Poor water 100.1-200 3 4.29% 4.29% — —
Very poor water 200.1-300 3 4.29% 2.86% — 1.43%
Water
unsuitable for >300 17 24.3% 24.3% — —
drinking
purposes

4. Discussion
4.1. Influence of Land-Use Type on Groundwater Hydrochemistry

Land-use type serves as a direct proxy for the intensity and nature of anthropogenic
disturbance, and pollutant sources differ markedly among urban, agricultural, and forested
areas. Previous studies have documented that urban zones usually exhibit elevated con-
centrations of heavy metals (e.g., Fe and Mn) and organic contaminants such as polycyclic
aromatic hydrocarbons, primarily because of untreated or partially treated industrial ef-
fluents and domestic sewage. Agricultural regions, in contrast, are characterized by high
NO;~ and NHy* levels derived from intensive fertilizer and pesticide application. Forested
catchments, benefiting from natural attenuation and minimal human interference, generally
display the lowest contaminant burdens [30].

In this study, six hydrochemical indicators (pH, DO, COD, NO3;~, C1™, and Mn) were
selected to quantify the impact of land-use on groundwater quality (Figure 3). As depicted
in Figure 3a, the mean pH of groundwater in urban areas (6.24) is significantly higher
than that in agricultural areas (5.77) (p < 0.05). Previous studies have demonstrated that
the majority of rainfall in this region is acidic, with a mean pH value of 4.25 [25]. This
difference is attributed to the extensive impervious surfaces in urban areas, which prevent
acidic precipitation from directly infiltrating the aquifer [5], whereas in agricultural fields,
acid rain can percolate immediately, depressing groundwater pH.

COD concentrations in urban groundwater (6.13 mg/L) are significantly elevated
relative to forest sites (1.97 mg/L) (Figure 3b). Likewise, NO3™ in urban groundwater
(43.8 mg/L) exceeds that in agricultural (19.1 mg/L, p < 0.01) and forest (8.87 mg/L,
p < 0.001) groundwater; the difference between agricultural and forest samples is not
statistically significant (p > 0.05) (Figure 3c). These patterns confirm that domestic and
industrial effluents are the dominant nitrate source in urban aquifers, consistent with the
findings of Zhang et al. [31].

CI™ and Mn concentrations are also significantly higher in urban (79.5 and 0.288
mg/L) and agricultural (68.4 and 0.380 mg/L) groundwater than in forest groundwater
(13.1 and 0.026 mg/L) (Figure 3d,e). Conversely, DO is markedly higher in forest ground-
water (4.49 mg/L) than in urban or agricultural groundwater (both 2.58 mg/L) (p < 0.001)
(Figure 3f). This is primarily because forestry land is mostly situated in mountainous areas,
distant from human settlements, which results in weaker human impacts on the local
groundwater.
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Figure 3. Comparison of Significant Differences in Hydrochemical Component Concentrations (a)
pH; (b) COD; (¢) NO3~; (d) CI~; (e) Mn; (f) DO. Note: *** denotes a p-value < 0.001; ** denotes
a p-value < 0.01; * denotes a p-value < 0.1; NS: not significant. The red dash line represents the
groundwater quality standard limit in China (GB/T 14848-2017) [23].

4.2. Mechanisms of Groundwater Hydrochemical Evolution in Rapidly Urbanizing Areas
4.2.1. Factors Controlling Groundwater Hydrochemistry

Gibbs diagrams are widely employed to qualitatively evaluate the relative influence of
atmospheric precipitation, rock weathering, and evaporation—crystallization on the origin
of dissolved ions in groundwater [32]. As shown in Figure 4, the majority of samples plot
within the central region of the TDS versus Na*/(Na* + Ca?*) and Cl~ /(Cl~ + HCO; ")
fields, i.e., within the “rock-weathering” end-member domain. This distribution indicates
that rock weathering reactions constitute the primary control on the major-ion composition
of local groundwater. Nevertheless, a subset of samples collected beneath agricultural
and forested land-use types falls into the precipitation-dominated sector, whereas several
urban and agricultural samples shift toward the evaporation—crystallization quadrant,
demonstrating that both rainfall inputs and evaporative concentration also modulate
hydrochemical signatures. In addition, approximately 20% of the sampling sites lie outside
the three conventional Gibbs sectors, implying an additional overprint of anthropogenic
activities on the natural ionic assemblages. Zhou et al. also found that some sampling
points were located outside the end-member range, indicating that human activities have
had an impact on the groundwater chemistry [33].

4.2.2. Analysis of Hydrochemical Evolution Processes

To further elucidate the hydrochemical evolution of groundwater in the study area,
ion-ratio analysis was employed to identify the dominant lithological weathering signa-
tures and associated hydrogeochemical processes. Na-normalized molar ratios were first
used to assign samples to specific weathering endmembers. Typical molar ratios for silicate
weathering are Ca?*/Na* =0.35 &+ 0.15 and Mg2+/ Na* =0.24 £ 0.12; for carbonate weath-
ering, 50 & 20 and 20 =+ 8; and for evaporite dissolution, 0.17 &£ 0.09 and 0.02 & 0.013. As
shown in Figure 5a, most urban and agricultural plots cluster close to the silicate-evaporite
join, whereas forested (and a minority of agricultural) samples shift toward the carbonate
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field. This distribution reflects the regional aquifer lithology: shallow horizons are dom-
inated by silicate rocks, with only minor carbonate outcrops whose dissolution imprint

remains limited.
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Figure 4. Identification plot of hydrochemical controls (a) [Na*]/[Na* + Ca?*] vs. TDS; (b)
[C17]/[C1~+HCO5 ] vs. TDS.

When evaporite dissolution controls water chemistry, the molar ratio C1~ /(Na* + K*)
should equal unity (i.e., fall on the y = x line) [34]. In Figure 5b, 91.4% of the samples
plot above this line, with Na* + K* significantly exceeding Cl~ and exhibiting a strong
linear relationship (R? = 0.861). This indicates that silicate weathering constitutes the
principal source of Na* and K*, supplemented by minor evaporite dissolution. Moreover,
urban samples display markedly higher (Na* + K*) relative to C1~, implying an additional
anthropogenic contribution from industrial and domestic effluents [35].

The ratio of [CaZ* + Mg2+] to [HCO;3~ + SO42~] can be used to determine the sources
of Ca?* and Mg?*. A ratio greater than 1 indicates that Ca?" and Mg?* primarily originate
from the dissolution of carbonate minerals. Conversely, a ratio of less than 1 suggests
that these ions derive from the dissolution of sulfate or silicate minerals. When the ratio
equals 1, it signifies that both carbonate and silicate rock weathering and dissolution are
occurring simultaneously [36]. As depicted in Figure 5c, sample points from agricultural
and forestry land primarily cluster around the y = x line, whereas those from urban land are
concentrated below this line. The concentrations of [Ca%* + Mg2+] and [HCO3™ + SO0427]
in urban land samples exceed those in agricultural and forestry land samples. This suggests
that the weathering and dissolution of silicate rocks supply substantial amounts of Ca®* +
Mg?* to urban land water samples. In contrast, Ca?* + Mg?* in agricultural and forestry
land samples originate from the weathering and dissolution of both carbonate and silicate
rocks. Additionally, acid rain (characterized by low pH values) is prevalent in the study
area. This acid rain erodes surface carbonate rocks, which then recharge the shallow
groundwater (with an average burial depth of 2.17 m). Consequently, the erosion and
dissolution of carbonate rocks serve as the primary source of HCO;3™.

The ratio plot of [Ca?*]/[SO4% "] can be used to assess the impact of evaporite weather-
ing and dissolution on water chemistry [37]. As shown in Figure 5d, Ca?* and SO4%~ exhibit
a strong linear relationship, indicating that evaporite weathering and dissolution are one of
the sources of these ions. The sample points from all three types of land use are generally
located above the y = x line, suggesting that there are additional sources contributing to the
excess Ca?*. As previously discussed, the weathering and dissolution of silicate rocks and
the erosion of carbonate rocks also play significant roles in supplying Ca®*.
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To further illustrate the influence of hydrochemical processes on water chemistry, we
examined cation exchange [38,39]. Figure 5e shows that all sample points cluster around
the y = —x line, indicating that cation exchange is occurring. According to Figure 5f,
more than 80% of the samples from each of the three land-use types fall in the CAI > 0
zone, demonstrating that reverse cation exchange dominates [40]. Combined with the
preceding discussion, this indicates that the concentrations of Ca?* and Mg?* in the ground-
water are jointly controlled by silicate weathering, carbonate dissolution, and reverse
cation exchange.

4.2.3. Impact of Human Activities on Groundwater Hydrochemical Evolution

Human activities are also one of the significant factors influencing the hydrochemical
evolution of groundwater. Typically, in regions with intense human activities, the concen-
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trations of NO3;~, C1~, SO4%~, and Na* in groundwater tend to increase markedly. Among
these, SO4%~ is mainly influenced by industrial activities, whereas NO3~, C1~, and Na* are
affected by agricultural fertilization, manure, and domestic wastewater [41].

Based on the milliequivalent ratios of [NO3 ]/ [CaZ*] vs. [SO427]/[Ca?*], we can iden-
tify which type of human activity has impacted the groundwater [42]. When [NO5;~]/ [Ca%]
> [SO427]/[Ca?t], groundwater is strongly influenced by agricultural activities or rainfall.
Conversely, when [NO3; 7]/ [Ca%*] < [SO4%~]/[Ca%*], the impact of industrial activities is
more pronounced. As shown in Figure 6, 61.5% of the sampling points are located in the
mixed impact zone, indicating that the groundwater in the study area is affected by a
combination of industrial wastewater, domestic sewage, and fertilizers. Zhang et al. also
found that in rapidly urbanizing areas, groundwater is subjected to mixed contamination
from industrial wastewater, domestic sewage, and landfill leachate [18]. The study area
is a highly urbanized metropolis with a high population density and highly developed
industry, resulting in a large volume of wastewater. The shallow groundwater level means
that the discharge of domestic and industrial wastewater can directly affect the chemical
composition of groundwater. Additionally, the frequent rainfall (with an annual precipita-
tion of about 1900 mm) causes agricultural fertilizers to enter the groundwater through
leaching and surface runoff, thereby causing groundwater pollution.
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Figure 6. Identification plot of human activity impacts [NO3 "]/ Ca%*] vs. [SO42~]/[ Ca2*].

4.3. Source Apportionment of Groundwater Quality Pollution in Rapidly Urbanizing Areas
4.3.1. Pollution Source Apportionment Based on the PMF Model

In this study, the PMF model was employed to quantitatively identify the sources
of groundwater pollution in the study area. Concentration data and uncertainty data for
17 hydrochemical indicators (K*, Na*, Ca?*, Mg2+, Cl—, SO42~, HCO;~, NO3;~, NO, ™,
NHj*, COD, TH, TDS, Fe, and Mn) from 70 groundwater samples were input into the PMF
model. After running the model, we iteratively adjusted the “strong” and “weak” settings
for elements and the factor format to optimize the fit. The goal was to achieve a fitting
coefficient greater than 0.5 for the measured versus simulated element concentrations and
a difference of less than 10% between the calculated Q value and the theoretical Q value.
Ultimately, a three-factor solution was determined to be the optimal configuration.
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As shown in Table 3, factor 1 accounts for 43.9% of the total variance and is heavily
weighted by NH,*, NO, ~, C1~, SO4%~, HCO;~, TH, COD, Ca?*, Fe, and Mn; NO; ~ also
displays moderately high loading. NH;* and NO;3 ™ in shallow aquifers are typically de-
rived from domestic sewage, chemical fertilizers, soil organic nitrogen, and atmospheric
deposition [43], whereas C1~ originates from halite dissolution, wastewater, seawater intru-
sion, or road-de-icing salts [44]. The mean water-table depth (2.17 m) is shallow, and most
sampling wells are large-diameter domestic wells located within villages; thus, untreated
domestic effluent can readily infiltrate. COD, a proxy for organic and reduced-matter
contamination, exhibits an exceedance rate of 44.3%, indicating prominent organic pollu-
tion. Previous study indicates that COD is supplied by domestic and industrial effluents,
agricultural runoff, urban stormwater, natural organic matter, and landfill leachate [45]. Fe
and Mn are additionally introduced by industrial discharges (mining, steel making, elec-
troplating) and corroded municipal pipelines. Shenzhen’s leading industries—electronics,
high-end equipment manufacturing, metal products, general machinery, and automotive
production—generate large volumes of processed wastewater that, if inadequately treated,
can readily contaminate the shallow aquifer. In addition, the concentrations of Fe and
Mn in groundwater range from 0 to 11.5 mg/L and from 0.003 to 2.96 mg/L, respectively,
with high spatial variability and high exceedance rates, indicating that they are affected by
human activities (such as industrial wastewater). Therefore, Factor 1 is designated “sewage
and industrial pollution”. Source-contribution analysis indicates that this factor supplies
51.0% of NH4", 65.1% of NO, ~, 53.6% of C1~, 59.0% of SO4%~, 60.6% of HCO3;~, 58.6% of
TH, 55.3% of COD, 49.9% of CaZ*, 75.6% of Fe, and 56.3% of Mn (Figure 7).

Table 3. Source profiles obtained from the PMF model.

Parameters Factor 1 Factor 2 Factor 3
pH 2.04 2.60 1.36
DO 0.773 1.55 0.005

NO3z~ 0.0009 0 0.003
NH,* 0.00004 0.00001 0.00003
NO,~ 0.010 0.003 0.002
Cl~ 7.50 4.66 1.82
SO42~ 0.0008 0.0006 0
COD 1.11 0.596 0.3
TDS 12.8 46.2 30.8
TH 21.4 10.7 441
HCO;~ 114 1.55 5.85
K* 0.006 1.05 0.207
Na* 0.692 3.35 1.64
Ca?t 4.00 2.93 1.08
Mg2+ 0 0.681 0.375
Fe 0.00006 0 0.00002
Mn 0.005 0.004 0.001

Sewage and

Possible sources and industrial Water—rf)ck Agnqu 1 tural
. interaction fertilizer
pollution
Contribution (%) 439 37.0 19.1

Factor 2 explains 37.0% of the variance and is dominated by pH, DO, TDS, K*, Na*
and Mg?*. Na*, K*, Mg?*, and TDS are released primarily by water-rock interaction [46],
whereas pH and DO are bulk physicochemical parameters that reflect the integrated
outcome of aqueous chemical and biological processes rather than specific pollutant
sources [47]. As analyzed in Section 4.2.2, the K*, Na*, and Mg?* in the groundwater
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of the study area mainly originate from the weathering and dissolution of rocks. Thus,
Factor 2 is consequently interpreted as “water—rock interaction”. According to Figure 7,

this factor contributes 43.6% of pH, 66.6% of DO, 51.3% of TDS, 83.1% of K*, and 64.5%
of Na™.

Sewage and industrial Water - rock
wastewater
100

[ Fertilizer

interaction

oo
(=]

D
(=]

Contribution(%)

~
=)

20

pH DONO, NH,"NO, CI"'SO,2 CODTDSTHHCO, K* Na* Ca?*Mg?* Fe Mn
4 2 4 3

Figure 7. Contribution rates of groundwater pollution sources.

Factor 3 accounts for 19.1% of the variance and is heavily loaded on NO3~, with
secondary contributions from NH;*, TDS, and Na*. As discussed earlier, NO3~ and NH4*
are introduced by chemical fertilizers, sewage, rain, etc. Because the concentration of NO3 ™~
in rain is low (1.47 mg/L) [25], and PC1 and PC3 are independent of each other. Due to
PC1 represents sewage, therefore, Factor 3 is assigned to “agricultural fertilizer”. Figure 7

shows that this source contributes 77.5% of NO3~, 38.1% of NH4*, 34.3% of TDS, and 28.9%
of Na*.

4.3.2. Spatial Distribution of Pollution Sources

Spatial interpolation of the factor scores for the three PME-derived sources (PC1-

PC3) was conducted to generate distribution maps of groundwater contamination across
Shenzhen (Figure 8).

PC1 [ Josm-1o8
Legend B os3i-07m [ 108127
0 omi-os77 [ 127147
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[ 0777-0904 | 1.15-1.28

Figure 8. Spatial Distribution of Groundwater Pollution Sources.

High PC1 scores are concentrated around the peripheral districts of the central

metropolitan area, indicating severe impacts from domestic sewage and industrial ef-
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fluence. These peri-urban zones are densely populated and host numerous small-scale
factories that often lack wastewater-treatment facilities; consequently, uncontrolled dis-
charge constitutes the principal threat to groundwater quality. Elevated PC2 scores occur
mainly in the north-eastern and north-western parts of the study area, reflecting regions
where water—rock interaction governs the hydrochemical signature. High PC3 scores are
observed southeast of the city core, demonstrating that intensive agricultural activity—and
associated fertilizer use—is the dominant driver of nitrate contamination in that sector.

Overall, the spatial pattern of pollution sources is tightly coupled to land-use type.
In highly urbanized districts, groundwater quality is controlled primarily by municipal
and industrial wastewater; therefore, comprehensive collection and treatment of all sewage
streams is the critical measure for preventing further deterioration. In agricultural areas,
excessive fertilizer application is the key factor, so strict control of diffuse agricultural
inputs is essential for groundwater protection.

5. Limitations of the Study

This study combined hydrochemical characterization with the PMF model to quantify
and visualize groundwater pollution sources in a rapidly urbanizing area, thereby provid-
ing environmental managers with a clear basis for targeted control strategies. Nevertheless,
three main limitations should be acknowledged:

(1) Sampling frequency was low; samples were collected only during the wet season.
Consequently, temporal variability in groundwater quality and potential seasonal shifts
in contaminant sources could not be resolved. In addition, due to confidentiality issues
regarding the maps, we were unable to obtain high-precision land-use type maps for the
study area. Consequently, we could not acquire the distances between sampling wells
and specific human activity sites such as industrial parks, wastewater treatment plants,
drainage networks, and landfills. This limitation prevented us from accurately analyzing
the relationship between specific human activities and groundwater pollution.

(2) Although PMF successfully apportioned overall contaminant loads, the accuracy
of source attribution could be further improved. In recent years, dual-isotope techniques
(e.g., 81 N and 5'® O of NO;~; §** S and §'® O of SO42~) coupled with receptor models
have markedly refined source quantification for specific solutes [48,49]. Owing to budget
constraints, such isotopic analyses were not conducted in the present work.

(3) The investigation generated an extensive hydrochemical data set, but background
hydrogeochemical information remains incomplete. As a result, advanced machine learn-
ing algorithms (e.g., Random Forest) that could identify key drivers of water-quality
degradation and predict future trends were not employed.

Future research should therefore: (i) implement high-frequency sampling campaigns
covering both wet and dry seasons, (ii) integrate multi-isotope tracers with PMF or
other receptor models, and (iii) apply machine learning approaches to achieve more ro-
bust source apportionment and predictive capability for groundwater quality in rapidly
urbanizing regions.

6. Conclusions

This study has provided valuable insights into the hydrochemical evolution and
pollution sources of groundwater in highly urbanized regions, using Shenzhen, China, as
a case study. By employing a combination of multivariate statistical techniques and the
Positive Matrix Factorization (PMF) model, we have elucidated the complex interactions
between human activities and groundwater quality. The main conclusions of this study are
as follows:
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(1) The groundwater quality in highly urbanized areas shows a high exceedance rate of
water quality parameters, with the exceedance rates of pH, NH4*, COD, Mn, and Fe being
67.1%, 44.3%, 44.3%, 34.3% and 31.4%, respectively. The Water Quality Index assessment
revealed that 32.9% of the groundwater samples were classified as poor, underscoring the
substantial impact of human activities on groundwater quality. Land-use types significantly
affected groundwater quality; the concentration of COD, NO3 ™, Mn, and Fe in the urban
areas were significantly higher than in the agricultural and forested areas.

(2) Rock weathering is the primary control on the groundwater chemistry in the region,
and human activities also have an important impact on the formation of groundwater
chemistry. Among them, silicate weathering constitutes the principal source of Na* and
K*, while Ca?*, Mg?* and HCOj3 ™ primarily originate from the dissolution of carbonate
minerals. Moreover, the weathering and dissolution of evaporites are one of the main
sources of SO42~. In addition, domestic sewage, industrial wastewater, and fertilizers are
the main sources of NO3 ™ in the groundwater of the region.

(3) The PMF model identified three major pollution sources: domestic and industrial
wastewater (43.9%), enhanced water-rock interactions (37.0%), and agricultural fertilizers
(19.1%). Geostatistical spatial interpolation techniques further demonstrated that ground-
water quality in urban areas is primarily controlled by the discharge of domestic and
industrial wastewater, while in agricultural areas, excessive fertilizer application is the
main driver of groundwater degradation. Therefore, future research should advocate for
strict control and compliance policies for municipal sewage discharge, as well as optimize
agricultural fertilization strategies, such as formula fertilization and the use of slow-release
fertilizers, to prevent further deterioration of groundwater quality.

Although this study identified groundwater pollution sources in highly urbanized
regions, it faced several limitations: low sampling frequency restricted to the wet season,
lack of isotopic analyses due to budget constraints, and incomplete background data that
hindered the application of advanced machine learning techniques. Future work should
include year-round high-frequency sampling, the integration of multi-isotope tracers with
PME, and the application of machine learning methods to enhance source apportionment
and predictive capabilities, thereby supporting improved groundwater management in
urban areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w17202945/s1. Table S1: Hydrochemical parameters, analytical
method, equipment and detection limits; Table S2: Table of weight values for groundwater chemistry

indicators.
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