Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Evaluation of the Impact of Different Land Use
Types on Shallow Groundwater and Discussion on
Water Chemistry Genesis A Case Study of the
Middle Reach of the Beijiaolai River

Kuanzhen Mao
Langfang Natural Resources Comprehensive Survey Center, China Geological Survey

Haiming Li
China Beifang Water Investigation and Research Institute Co., Lid.

Demin Pan

Qingdao Key Laboratory of Groundwater Resources Protection and Rehabilitation, Qingdao Geo-
Engineering Surveying Institute
Mingming Li

Langfang Natural Resources Comprehensive Survey Center, China Geological Survey

Shouli Sun
China Metallurgical Geological Survey Geotechnical Engineering Co., Ltd.

Tong Zhang
Langfang Natural Resources Comprehensive Survey Center, China Geological Survey

Guang Xiao
Langfang Natural Resources Comprehensive Survey Center, China Geological Survey

Guoliang Song
Qingdao Key Laboratory of Groundwater Resources Protection and Rehabilitation, Qingdao Geo-
Engineering Surveying Institute

Bin Zhang
Qingdao Key Laboratory of Groundwater Resources Protection and Rehabilitation, Qingdao Geo-
Engineering Surveying Institute

Hongyan An

anhongyan®mail , cgs.gov.on
Langfang Natural Resources Comprehensive Survey Center, China Geological Survey

Yan Wang
Langfang Natural Resources Comprehensive Survey Center, China Geological Survey

Article


https://doi.org/10.21203/rs.3.rs-11120789/v1
https://doi.org/10.21203/rs.3.rs-11120789/v1

Keywords: Beijiao River, Water-rock interaction, Hydrogeochemical evolution, Land use type, Driving
mechanism

Posted Date: October 20th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-11120789/v1

License: €© @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-11120789/v1
https://creativecommons.org/licenses/by/4.0/

O LN b W N =

A PRArDEE,PRA,DDPRE,PRA,PEA,PRPUWLWLWLWLWLWLWLWUWWWIERNNDENDDNNDNNNDND /== PR =
O NI WNDNRLR OOV NDEREWNO—RLOOVOINN WD, O ORI UND WD —O o

N
O

Evaluation of the Impact of Different Land Use Types on
Shallow Groundwater and Discussion on Water Chemistry Genesis A
Case Study of the Middle Reach of the Beijiaolai River

Kuanzhen Mao'?3¢, Haiming Li¢, Demin Pan?, Mingming Li'?, Shouli Sun’, Tong
Zhang'?, Guang Xiao'?, Guoliang Song*, Bin Zhang*, Hongyan An'>%*, Yan Wang!>3"
1 Langfang Integrated Natural Resources Survey Center, China Geological Survey,
Langfang 065000, China;
2 Innovation Base for Natural Resource Monitoring Technology in the downstream
area of Yongding River of the Geological, Langfang 065000, China,
3 Hebei Province Collaborative innovation center for sustainable utilization of
water resources and optimization of industrial structure, Hebei GEO University,
Shijiazhuang, 050031, P.R.China;
4 Qingdao Key Laboratory of Groundwater Resources Protection and
Rehabilitation, Qingdao Geo-Engineering Surveying Institute, Qingdao 266101,
China;
5 China Metallurgical Geological Survey Geotechnical Engineering Co.,
Ltd.,Baoding, 071000, China;
6  China Beifang Water Investigation and Research Institute Co., Lid. Tianjin
300222, China,
*  Correspondence: anhongyan@mail.cgs.gov.cn(H A), ywang0719@126.com(Y W)

Main point 1: The hydrochemical characteristics of shallow groundwater in the middle
reaches of the Beijiaolai River are dominated by a dual-driver mechanism of "natural
weathering—anthropogenic input". ;

Main point 2: Multi-method coupled analysis reveals the synergistic effects of [
luoride enrichment and anthropogenic pollution.

Abstract: To determine the hydrochemical distribution characteristics of shallow groundwater used for
agriculture and construction in the middle reaches of the Beijiaolai River, as well as to accurately analyze its natural
and anthropogenic driving mechanisms, we conducted a study. Methodology: Qingdao Liaolan was selected as the
research area, where 41 sets of shallow groundwater samples were collected and tested. A comprehensive approach
combining multivariate statistical analysis, Piper trilinear diagrams, ion source and control factor discrimination,
and mineral saturation indices was employed to identify groundwater chemical types, key controlling processes, and
anthropogenic contributions. Results: (1) The overall groundwater in the study area is slightly alkaline,
predominantly exhibiting HCOs™-Ca?" and Cl™-Na* chemical types. The mineralization level (average TDS of 1140
mg/L) and Na* content in construction land are significantly higher than those in cultivated land, reflecting the
differentiated impacts of domestic sewage input and agricultural fertilization; (2) Weathering of silicate and
carbonate rocks is the main natural driving factor, accounting for 73.2%. The mineral saturation index confirms that
calcite (SI: -0.48 to 0.88), dolomite (SI: -0.97 to 2.44), and fluorite (SI: -1.51 to 0.43) are in a state of dynamic
equilibrium between dissolution and precipitation; (3) The undersaturation characteristics of high fluoride areas (F~ >
10 mg/L) observed in 85% of the samples reveal that the dissolution of calcium fluoride dominates the fluoride
enrichment mechanism. Cation exchange effects are weak (CAI =~ 0), highlighting the core role of water-rock
interactions; (4) Agricultural non-point source pollution and domestic sewage discharge are the primary
anthropogenic factors, with significant contributions from livestock manure application. Conclusion: The "natural
weathering-anthropogenic input" dual driving mechanism of shallow groundwater chemical evolution in this region
indicates that different land use types directly reshape hydrochemical characteristics by altering the types of pollution
source inputs (domestic sewage vs. agricultural non-point sources). The findings provide scientific references for
ecological restoration of groundwater and land planning in the watershed.

Keywords: Beijiao River; Water-rock interaction; Hydrogeochemical evolution; Land use type; Driving
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0 Introduction

Groundwater is an important strategic water resource in China, especially critical
in northern regions, supplying approximately two-thirds of drinking water, half of
industrial water, and one-third of agricultural irrigation water (Bei et al., 2019). As a
fundamental resource that maintains ecological balance and supports socio-economic
development (M. H. Zhang et al., 2024), shallow groundwater plays an irreplaceable
role in residential life, agricultural production, and industrial development (2020; Wen
et al., 2020). However, with the rapid industrialization and urbanization processes in
China, groundwater systems (particularly shallow aquifers) are facing unprecedented
environmental pressures (Li et al., 2022; Ma et al.; Choudhary et al., 2024). These
pressures manifest primarily in three ways: (1) agricultural areas experiencing non-
point source pollution from pesticides and fertilizers, leading to nitrate and organic
contamination (Das et al., 2023); (2) urban areas suffering from point source pollution
due to industrial and domestic wastewater, resulting in heavy metals and organic micro-
pollutants (B. et al., 2022); and (3) widespread regional over-extraction issues (Lall et
al., 2020; Mei Shijie, 2023), which accelerate the renewal of shallow aquifer
groundwater (Cheng et al.,, 2024).Research indicates that the formation of
hydrochemical characteristics in groundwater is controlled by dual mechanisms: on one
hand, natural factors such as regional geological structures and aquifer characteristics
impose constraints (Hu Shuang et al., 2023; Jiang Feng et al., 2023; Kou Yahui et al.,
2023); on the other hand, land use practices significantly influence groundwater quality
through differentiated hydrological processes and pollution input pathways (Aktar et
al., 2025; An Lesheng et al., 2012). Therefore, systematically studying the
hydrochemical characteristics and formation mechanisms of shallow groundwater
under different land use types not only aids in elucidating the evolution of water quality
under the coupling of natural and anthropogenic forces (N. et al., 2022) but also
provides theoretical support for implementing regionally tailored groundwater
management strategies. This has significant scientific implications for achieving the
sustainable use and protection of groundwater resources.

As the world's largest developing country and an important agricultural producer,
China faces increasingly severe groundwater environmental challenges amid rapid
industrialization and urbanization. The dual compounding effects of agricultural non-
point source pollution and industrial point source pollution have subjected the national
groundwater system (especially shallow aquifers) to unprecedented pollution pressures
(Li et al., 2022; Ma et al.). In response to groundwater environmental pollution issues,
the international academic community has gradually established a comprehensive
research framework that includes fundamental hydrochemical analysis methods (e.g.,
ion ratio method, mineral saturation index analysis), visualization techniques (such as

Gibbs diagrams, Durov plots, and Piper trilinear diagrams), isotope tracing
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technologies, and multivariate statistical methods (e.g., principal component analysis,
cluster analysis, and factor analysis) (A. et al., 2012; Kammoun et al., 2018; Moussa et
al., 2011; Sacks & Tihansky, 1996; Yong-Hong et al., 2007; Liu Wenjie et al., 2009;
Wang Jihua et al., 2023). The integrated application of these methods provides essential
technical support for revealing the hydrochemical characteristics and formation
mechanisms of groundwater under different land use types. For instance, M. H. Zhang
et al. (2024) systematically analyzed the hydrochemical characteristics and controlling
factors of the lower Oujiang River by integrating ion ratio methods, salinity index
methods, and multivariate statistical approaches. Su Huimeng et al. (2024) utilized
isotope tracing, hydrochemical methods, and principal component analysis to reveal the
hydrogeochemical mechanisms in mining areas. Laouni Benadela et al. (2022) explored
the hydrochemical characteristics of shallow aquifers in semi-arid regions using
multivariate statistical analysis combined with the ion ratio method. Du Qiangian et al.
(2024) examined the impact of land use patterns on the hydrochemical characteristics
of surface water and groundwater in Tianjin based on hydrochemical analysis methods.
These research findings quantitatively identify the key factors controlling groundwater
chemical components and their causative mechanisms (Sun Yanling et al., 2024; Zhang
Jianmang et al., 2024; Chen Huaxiong et al., 2024), providing more precise scientific
evidence for groundwater pollution prevention and control. This study selects the main
vegetable production area in Pingdu City, Shandong Province, as a typical research
subject. The shallow groundwater in this region serves as the primary source for
agricultural irrigation and faces intense developmental pressure.

To clarify the impact of human activities on groundwater, the study strictly
categorizes the research area into two major land use types based on surface functions:
agricultural production areas and village construction areas (Meng Chunxia et al., 2019).
In recent years, the expansion of facility agriculture and the increase in domestic
sewage discharge have significantly disturbed the groundwater flow and chemical
fields due to these distinctly different surface utilization methods, posing potential
threats to vegetable yield, quality, and the health of regional residents. Although some
scholars have conducted relevant research on the groundwater environment in this area,
most studies focus on the hydrochemical characteristics of high-fluoride groundwater
and their geological causative mechanisms (Meng Chunxia et al., 2019b; Xu Lirong et
al., 2012). Existing studies often emphasize the identification of single pollution
indicators or treat the aquifer system as a purely natural unit controlled by geological
background, lacking a systematic characterization of the spatial heterogeneity of
groundwater chemical components between agricultural production and construction
land. Moreover, there is little research that quantitatively separates the contributions of
natural weathering processes and various anthropogenic inputs to the evolution of water
chemistry.

In light of this, the current study aims to transcend the limitations of traditional
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singular indicator research by adopting a coupling perspective of "land use-water
quality response." It clearly defines agricultural land and construction land as two
research objects and seeks to address the following scientific questions: (1) Identify the
hydrochemical fingerprint characteristics under different functional zones: Reveal the
specific impacts of agricultural cultivation and village life activities on the spatial
differentiation of shallow groundwater chemical components; (2) Construct a
quantitative analysis model driven by natural and anthropogenic factors: Utilize
multivariate statistical and ion chemometric methods to analyze the relative
contributions of water-rock interactions and specific human activities; (3) Elucidate the
mechanisms of hydrochemical evolution in complex habitats: Establish a conceptual
model for the hydrochemical evolution of shallow groundwater in this region, providing
scientific evidence for the formulation of targeted groundwater management strategies
and optimizing agricultural land use patterns, ultimately achieving a collaborative
guarantee for sustainable agricultural development and ecological environmental

protection.

I Study Area Overview

The study area is located in Qingdao City, Shandong Province, positioned in the
middle reaches of the Beijiaolai River (Figure 1), within the central-western part of the
Jiaolai Basin, characterized as a Late Mesozoic terrestrial sedimentary volcanic rock
basin (Wang Lijuan et al., 2024). A complete depositional sequence consisting of fluvial,
lacustrine, deltaic, and riverine facies develops within the area, with a gradual transition
from lacustrine to riverine facies from east to west (Ren Tianlong, 2019). The
stratigraphy of the working area primarily comprises the Quaternary Holocene Yihe
Formation (Qhy) and the Heitu Lake Formation (Qhh) (Figure 2). According to data
from eleven hydrogeological boreholes, the stratigraphic thickness increases
progressively from the southeast to the northwest. The Yihe Formation mainly occurs
in the floodplain and riverbed areas of the Jiaolai River Valley, characterized by fine
sand and medium-coarse sand with a thickness of 1-2 meters. The Heitu Lake
Formation is widely developed across the region and is typical of marsh depression
deposits, with a thickness ranging from 10 to 25 meters (locally exceeding 30 meters).
It exhibits distinct tripartite features: the upper section consists of gray-black to brown
silty clay rich in aquatic mollusks; the middle section contains calcareous nodules and
gravelly silty clay; and the bottom section consists of a medium-coarse sand layer with
a thickness of 0-2 meters. The spatial distribution of sand layers is uneven, with the
northwest predominantly consisting of medium-coarse sand with a thickness of 5-8
meters, while the southern and eastern areas are primarily composed of fine sand with
a thickness of 1-3 meters, and the southwestern area lacks sand layers.

In the Quaternary loose rock formations of the study area, pore water is extensively
developed, with the aquifer lithology mainly comprising fine sand and medium-coarse
sand, overlain by silt and gravelly silty clay (containing calcareous nodules) (Figure 2).



170  The main sources of recharge are atmospheric precipitation infiltration and lateral
171  runoff, supplemented by irrigation return flow; the primary mode of discharge is
172 artificial extraction, with natural discharge predominantly occurring as downstream
173 flow. The groundwater level dynamics exhibit significant seasonal variation: during the
174 flood period from July to September, the water level rises, while a low water level
175  occurs during the spring irrigation period from April to July. Long-term dynamics are
176  controlled by precipitation cycles and require comprehensive assessment in conjunction

177  with regional hydrometeorological data.

o

178
179 Figure 1: Schematic Diagram of Land Use in the Study Area and Sampling Locations
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181 Figure 2 Profile of the study area
182 2 Sample Collection and Research Methods
183 2.1 Groundwater Sample Collection Method
184 To accurately reflect the characteristics of shallow groundwater in the study area,
185  this research considered land use types (urban land and agricultural land), urban
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The map is based on the standard map with drawing review No. GS(2024)0650, and the base map remains unaltered.
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distribution patterns, as well as hydrogeological and geological topographical
conditions when establishing sampling points. Based on these principles, a total of 41
groundwater sampling points were set up, including 22 in urban areas and 19 in
agricultural areas. The sampling points primarily originated from domestic wells,
irrigation wells, and hydrogeological exploration boreholes, with sampling depths
ranging from 10 to 20 meters. Sampling was conducted in August 2022, chosen for the
summer period following the peak agricultural irrigation season to minimize the effects
of irrigation disturbances, thereby ensuring that the collected samples could more
accurately reflect the hydrochemical status of shallow groundwater in the Liaolan
region.

Groundwater sampling must strictly follow standardized procedures. For routine
physicochemical parameters (pH, TDS, conductivity, etc.), acid-washed polyethylene
or glass bottles should be used, rinsed three times before sampling to avoid headspace
preservation. pH should be measured on-site or samples should be refrigerated at 4°C
and analyzed within 6 hours. Cation samples (K*, Na*, Ca*, Mg?*', etc.) must be
acidified with nitric acid to a pH < 2 and refrigerated, with a validity period of 30 days.
Anion samples (Cl-, SO+*, NOs™, etc.) must be filtered (0.45 pm membrane) and stored
at 4°C, to be analyzed within 7 days. Total alkalinity should be collected in full bottles
and titrated within 24 hours. During sampling, field parameters such as water
temperature, turbidity, and dissolved oxygen should be recorded simultaneously to
avoid sample aeration or precipitation interference.

2.2 Groundwater Sample Preservation Methods.

Different water quality parameters require specific preservation methods: pH
samples should be refrigerated at 4°C and measured within 6 hours. Cation samples
need to be acidified with nitric acid (pH <2) and refrigerated, with analysis by atomic
absorption or ICP within 30 days. Anion samples should be filtered and stored at 4°C,
with analysis by ion chromatography or titration within 7 days. Total alkalinity samples
require full-bottle storage in the dark and refrigeration, with titration completed within
24 hours. For F~, add TISAB buffer to eliminate interference, and for sulfides, add
Zn(Ac): for fixation. All samples should be protected from shock and light during
transportation.

2.3 Sample Testing Methods

In this study, groundwater samples were preserved in polyethylene bottles and
subjected to pretreatment according to the analytical requirements for various indicators.
The determination of cations Na*, K*, Ca?", and Mg** was conducted following the
standard "HJ 812-2016 Water Quality — Determination of Soluble Cations (Li*, Na*,
NH4*, K*, Ca**, Mg*") Using lon Chromatography," with concentration measurements
performed using a flame atomic absorption spectrometer (contrAA 300, Jena,
Germany).Anions F~, ClI-, NOs~, and SO+>~ were analyzed based on the standard "HJ
84-2016 Water Quality — Determination of Inorganic Anions (F-, Cl-, NO>", Br-, NOs™,
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PO+, SO+") Using Ion Chromatography," utilizing an ion chromatograph (IC883,
Metrohm, Switzerland) for analysis. HCOs;~ was measured according to the standard
"DZ/T 0064.49-2021 Methods for Analyzing Groundwater Quality — Part 49:
Determination of Carbonate, Bicarbonate, and Hydroxide Ions by Titration," employing
an acid-base indicator titration method.After testing all water samples, the charge
balance error (CBE) for cations and anions was maintained within £5%, ensuring the
reliability of the data.
2.4 Data Processing Methods

The data processing and map preparation in this study primarily utilized the
geostatistical analysis module of ArcGIS 10.8 to create a regional location map of the
study area. Additionally, the Kriging spatial interpolation method was employed to
depict the spatial distribution of conventional ion elements in groundwater. IBM SPSS
Statistics 26 was used, along with Pearson correlation coefficients, to conduct statistical
analyses, cluster analyses, and correlation analyses of element concentrations in
groundwater samples. Furthermore, Origin 2022 was applied to generate related
visualizations, including ion ratio charts, Gibbs diagrams, end-member ion ratio plots,
mineral saturation index graphs, and cation exchange ratio plots alongside chloride
alkalinity index distribution maps. Moreover, analysis of variance (ANOVA) was
conducted to examine differences in groundwater experimental results between urban
land and agricultural land types, thereby verifying the variability in groundwater
characteristics associated with these two land use types.

3 3 Results and Discussion
3.1 Statistical Characteristics of Water Chemical Components

3.1.1 Statistical Analysis of Mathematical and Physical Characteristics

The groundwater in the study area exhibits significant regional pollution
characteristics, particularly with respect to nitrate (NOs~) concentrations in urban and
agricultural land, which have average values of 175.12 mg/L and 205.92 mg/L,
respectively—both of which far exceed national standards for drinking water quality
and groundwater quality limits. This widespread phenomenon of exceeding thresholds
transcends the boundaries of individual land use types, revealing a strong ““source-sink”
coupling and pollution accumulation effect beneath both land categories. Although the
nitrate concentration in agricultural land is slightly higher, indicating a direct
contribution from agricultural nitrogen fertilizer application, the levels in urban land
remain exceptionally elevated. This suggests that at the scale of towns and villages,
decentralized rural domestic wastewater discharge, livestock waste, and surrounding
farmland infiltration runoff have created a regional, inseparable mixed pollution source.
This high degree of similarity implies that the evolution of groundwater in the study
area has entered a stage of anthropogenic interference characterized by nitrogen
enrichment, with the physical boundaries of land use types becoming increasingly
blurred in the face of groundwater circulation and the transport of pollutants.



266 A deeper analysis of the enrichment mechanisms of groundwater components
267  reveals that the overall increase in total dissolved solids (TDS) and total hardness (TH)
268 in urban land is not merely a result of ion accumulation but reflects complex
269  geochemical dynamic processes. The average concentration of bicarbonate (HCOs") in
270  urban land is significantly higher than that in agricultural land, closely related to the
271  oxidation and decomposition of large amounts of organic matter in rural wastewater,
272 which releases CO: and drives the dissolution of carbonate minerals in the aquifer. At
273  the same time, the concentrations of Na* and CI™ in urban land are also higher than those
274  in agricultural land. Since there are no industrial discharges in this area, these
275  components are typically considered tracers of human excreta and domestic wastewater.
276  The rise in groundwater mineralization due to domestic sources interacts with the
277  mineralization processes occurring in agricultural land as a result of irrigation return
278  flow and fertilizer leaching. Together, they form the chemical signature of groundwater
279  evolution in the study area, wherein a profound anthropogenic "water chemistry
280  fingerprint" overlays the natural geological background..
281 3.1.2 Spatial Variability Characteristics
282 An in-depth interpretation of the spatial variability characteristics further reveals
283  the arrangement patterns and migration features of pollution sources. The extreme
284  variability of K* (CV=168.32%) and F~ (CV=108.84%) in urban land serves as key
285  evidence for identifying heterogeneous pollution inputs. In the context of no industrial
286  emissions, the occurrence of locally extreme high values of F~ (maximum value of
287  16.37 mg/L) in urban land is likely derived from local enrichment of fluorine minerals
288  in the geological background, which may have been concentrated and released due to
289  changes in flow patterns caused by groundwater extraction near villages or the alkaline
290  conditions induced by domestic wastewater (He Jin et al., 2010; Wang Xiaoyan et
291  al.).The significant fluctuations of potassium ions (K*) in residential areas of towns
292  directly point to highly discrete point sources such as rural dry toilets and domestic
293  waste dumping sites (Qingling et al.; Wen et al., 2012; Wagh et al., 2025). In contrast,
294 the coefficients of variation for various ions in agricultural land are relatively low,
295  indicating that agricultural non-point source pollution has formed a more uniform
296  pollution landscape through prolonged irrigation and leaching processes over an
297  extensive cultivation history (Y. Zhang et al., 2024; Yang et al., 2023). This "point-
298  surface combination" structure of pollution presents significant challenges for
299  groundwater remediation in the study area, as it necessitates not only the management
300 of regional non-point source nitrates but also the precise identification and mitigation
301  of highly random, dispersed point sources within the villages and towns.
302 Table 1 Numerical and Statistical Table of Groundwater Geochemical Parameters in
303 Different Land Use Types in the Study Area

Project pH K* Na* Ca?* Mg?* cr SO4* | HCO3™ | NOs~ F~ TH

Minimum | 635 | 032 | 5377 | 1295 | 2039 | 11132 | 49.16 | 276.93 | 1343 | 042 | 772.94 | 227.10




Maximum | 8.55 | 14.73 | 524.83 | 261.00 | 121.74 | 486.64 | 280.17 | 656.21 | 324.94 | 16.37 | 1791.31 | 572.69
Mean 7.38 | 236 | 211.50 | 96.72 | 5329 | 224.60 | 125.08 | 491.74 | 175.12 | 3.45 | 1140.01 | 405.50
Construction Standard
Land Deviation 0.59 | 3.98 | 11226 | 68.99 | 2445 | 106.83 | 61.57 | 12436 | 6591 | 3.76 | 288.65 | 104.98
Coefficient
7.96 | 16832 | 53.08 | 71.33 | 4589 | 47.56 | 49.22 | 2529 | 37.64 | 108.84 | 2532 | 25.89
of Variation
Minimum | 6.60 | 042 | 71.78 | 18.72 | 20.86 | 81.83 | 23.70 | 258.87 | 39.64 | 0.70 | 702.88 | 212.29
Maximum | 8.55 | 6.09 | 373.51 | 168.70 | 81.82 | 471.90 | 268.94 | 583.96 | 307.28 | 5.06 | 1573.94 | 478.88
Mean 742 | 156 | 16652 | 98.13 | 5129 | 192.04 | 92.15 | 414.13 | 205.92 | 2.24 | 101846 | 341.17
Farmland Standard
038 | 1.57 | 80.63 | 3740 | 1509 | 88.13 | 5545 | 113.90 | 7231 | 1.27 | 211.66 | 94.96
Deviation
Coefficient
o Variation 510 | 100.85 | 4842 | 38.11 | 2943 | 4589 | 60.17 | 27.50 | 35.12 | 56.76 27.83
304 Note: pH is dimensionless, the coefficient of variation is in %, and the units of other
305 parameters are in mg/L.
306 3.1.3 Comparison of Land Use Types
307 The chemical components of shallow groundwater in the study area exhibit
308  significant spatial heterogeneity (Figure 3), demonstrating marked anthropogenic
309  driving characteristics, with their biogeochemical processes being influenced by high
310  external nitrogen loads. The observed spatial coupling of low pH and high NOs™ in the
311  northeastern and central regions indicates a transformation of the groundwater system
312 from a natural evolutionary model to one dominated by intense nitrification processes
313 (Gong Shifei et al., 2025). This reflects the strong conversion potential and proton
314  release capacity of the unsaturated zone and shallow aquifers in response to surface
315  inputs of ammonia nitrogen. Simultaneously, the co-enrichment characteristics of
316  HCOs™ with typical domestic tracer ions (Na*, Cl") reveal a deep coupling mechanism
317  of "organic mineralization-water-rock interaction": the biodegradation of exogenous
318  organic carbon significantly alters the acid-base buffering system of the aquifer,
319  inducing the non-natural dynamic dissolution of carbonate minerals. This results in a
320 compensatory increase in mineralization triggered by anthropogenic activities
321  superimposed on natural components.
322 The spatial decoupling and overlapping relationships of the water chemistry
323  components finely characterize the complex pollution source architecture of the study
324  area. The localized high values of F~ in the southwest show significant independence
325 from the nitrogen pollution-dominated patterns in the central and eastern regions,
326  providing clear spatial evidence for distinguishing geological native backgrounds from
327  subsequent anthropogenic disturbances. In contrast, the banded synergistic distribution
328 of Ca?** and NOs  along transportation corridors further confirms that linear
329  infrastructure alters component inputs not only through the application of de-icing
330 agents and leaching of construction materials (Fay & Shi, 2012) but also by
331  reconstructing local recharge pathways, thereby implementing directed reshaping of
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groundwater chemical fields. This spatial pattern of randomly distributed point sources,
directionally guided line sources, and broadly permeated area sources signifies that the
groundwater environment in the study area has entered a highly differentiated stage
under the profound intervention of an "urban-rural continuum."

In summary, the chemical characteristics of shallow groundwater in the study area
profoundly reveal the composite driving effects of multi-source activities on the water
environment in rural towns. The ubiquitous exceedance of NO;™ in both urban and
agricultural land, along with their spatial convergence, indicates that the region has
entered a stage of "anthropogenic nitrogen enrichment," where the physical boundaries
of land use have become increasingly blurred under strong hydraulic connectivity.
Geochemical evolution analysis shows that the organic oxidation induced by domestic
wastewater and mineral dissolution have raised the levels of HCOs™ and mineralization
in urban land, while the strong variability of K* and F~ intricately characterizes the
pollution structure of discrete point sources combined with non-point agricultural
sources. Spatially, the nitrification driven by localized high nitrogen loads has led to
acidification trends in groundwater around provincial roads, with pathway flow,
application of de-icing agents, and lateral recharge from agricultural fields creating a

typical Ca**-NOs~ superimposition zone within transportation corridors.
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Figure 3: Spatial Distribution Maps of Various Indicators in the Study Area

3.2 Hydrochemical Type

3.2.1 Statistical Differentiation Characteristics of Water Chemical Types

Based on the Shukarev classification method, the statistical results of 41
groundwater samples from the study area reveal a significant shaping effect of land use
patterns on water chemical types. In construction areas (22 samples), the water
chemical types exhibit a pronounced trend towards "chlorination and sodiumization,"
with chloride-sodium types represented by HCOs;-Cl-Na and CI-HCOs-Na-Mg
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dominating (11 samples, accounting for 50%). This region almost exclusively contains
high-mineralization C1"-Na end-member types. In contrast, the water chemical types in
agricultural areas (19 samples) display "mixed and transitional" characteristics. While
there are some chloride-type waters, they are more reflective of the sustained
dominance of Ca*" and Mg?*"; particularly, among the 9 contaminated water samples
where NOs~ exceeds 25% of milliequivalents, 7 samples (77.8%) are from arable land,
forming a unique NOs;-Cl-Ca-Mg agricultural leaching type series. The statistics
indicate that only one sample of the HCOs-Ca type remains under the original
background, suggesting that regional groundwater has generally transitioned away from
a single-component phase to a complex mixed system with multiple ion coexistence.

3.2.2 Water Chemical Evolution Trajectories from Piper Trilinear Diagram

The Piper trilinear diagram (Figure 4) visually illustrates the evolution path of
groundwater components from their natural background to anthropogenically
influenced types (Mandal et al., 2022) (Li Xiaobo & Li Jing) (Piper, 1984). In the cation
triangle area, the agricultural samples are primarily concentrated in the transitional zone
between Area A (calcium type) and Area B (mixed type), indicating that Ca** and Mg>*
remain predominant. Meanwhile, samples from construction areas have significantly
drifted towards the lower right area C (sodium type), accompanied by a notable increase
in the diameter of the TDS circles (generally >1000 mg/L). In the anion triangle area,
sample points fan out along the HCOs™ axis towards the Cl~ (and SO+*") axis, with
construction area samples exhibiting a stronger characteristic of aggregation towards
the ClI end-member (Area F). When projected onto the central diamond area, it is
evident that the water sample points are not limited to the common freshwater Area 1
(HCOs-Ca), but are widely distributed across Area 2 (mixed type) and extend into Area
3 (CI'-Na type). Notably, samples from construction areas prominently occupy the right
side of the diamond diagram, indicative of high salinity, long residence time, or
significant anthropogenic inputs, creating a clear spatial separation from the relatively
concentrated left and central areas represented by agricultural samples.

3.2.3 Geochemical Processes

The aforementioned statistical differentiation and graphical trajectories
profoundly reflect the hydrological geochemical response mechanisms driven by
various human activities. The directional evolution of groundwater in construction
areas towards the CI"-Na type confirms the dual effects of "evaporation concentration-
anthropogenic input" during the urbanization process: the coverage of impermeable
layers blocks the dilution recharge from atmospheric precipitation, enhances
evaporation concentration, and superimposes continuous inputs of Na* and CI~ from
domestic wastewater discharge, disrupting the original carbonate balance, thereby
leading to rapid accumulation of soluble salt components in shallow aquifers (Kou
Yawei et al.,, 2023). In contrast, the evolution trajectory in agricultural areas is
controlled by the "agricultural leaching-cation exchange" mechanism, where long-term
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application of nitrogen fertilizers converts to NOs™ that infiltrates with irrigation water.
This process creates an acidic environment that promotes the dissolution of soil
carbonate minerals, resulting in the sustained enrichment of Ca?** and Mg* in
groundwater, thereby maintaining the characteristic of mixed cations. Overall, the
evolution of groundwater in the study area has bifurcated: one branch is developing
towards a high mineralization Cl-Na direction controlled by urban drainage, while the
other is evolving towards a NO;-Ca-Mg mixed direction controlled by agricultural
leaching, marking the replacement of natural water-rock interactions by anthropogenic
sources as the dominant factor controlling the evolution of regional water quality (Wang
Changshu et al., 2025) (Du Qiangian et al., 2024).

@ (Construction Groundwater I.LHCO;-Ca

@ Agricultural Groundwater SQ /% 2R MG, =Nl
3.Cl-Na

° 500 4 Mixed Cl-Mg-Ca

O 1000

5.Cl-Ca
TDS(mg/L)

A.Calcium type
B.Mixed type
C.Sodium type
D.Magnesium type
E.Bicarbonate type
F.Chlorite type
G.Sulfate type

NV NN ST T T T 7

100 80 60 40 20 0 0 20 40 60 80 100
Ca cl
Figure 4: Piper Trilinear Diagram
3.3 Ion Source Analysis
3.3.1 Variable Cluster Analysis and Correlation Heatmap Analysis
The R-type cluster analysis (Figure 5a) divides the 12 water chemistry indicators
into three main clusters, clearly depicting the dual-source evolutionary driving model
of groundwater in the study area. Cluster I (bottom light blue branch): Comprised of Ca
>+ and NOs-N, which preferentially cluster with a very short Euclidean distance. This
combination exhibits distinct "agricultural characteristics," revealing that the influx of
exogenous nitrates into the aquifer induces the co-dissolution of carbonate minerals
through nitrification acid production. Cluster II (middle deep blue major branch):
Demonstrates a close coupling of CI"-TDS and Na*-F-, further converging with SO+*",
HCOs", and hardness indicators (TH, Mg*"). This cluster represents a salinization
process driven by both "evaporation concentration" and "anthropogenic discharge"
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during urbanization. Cluster III (top independent branch): The independent clustering
of pH and K* indicates their control by specific geochemical equilibrium environments
or sporadic point source pollution.

The correlation heatmap (Figure5 b) provides quantitative statistical support for
the cluster analysis. CI- and TDS exhibit the strongest positive correlation (r=0.88,
p<0.001), and the high correlation between Na* and CI~ (r=0.84, p<0.001) confirms that
the accumulation of sodium chloride is a core factor in the increased mineralization of
groundwater in the study area. Additionally, Ca** shows a significant positive
correlation with NOs;-N (1=0.50, p<0.01), quantitatively affirming the role of
agricultural activities in reshaping the cation composition. Furthermore, pH is
significantly negatively correlated with Ca?*" (r=—0.80) and Mg*" (r=—0.65), reflecting
the biogeochemical processes where carbonate mineral dissolution releases hardness
ions in a slightly acidic environment (due to H* produced from agricultural nitrification).
Integrating the projections from the Piper trilinear diagram, multivariate statistics, and
sample point distribution characteristics, the sampling points across the entire region
(N=41) can be categorized into the following three evolutionary models, clarifying their
spatial affiliations:

Category I: Urban High Salinity Chloride Evolution Type

This category is controlled by Cluster II (C1"-TDS and Na*-F~ combination) from
the variable cluster analysis, with correlation analysis showing a highly significant
positive correlation between ClI- and TDS (r=0.88), confirming the salinity
accumulation effect during urbanization. In terms of sample distribution, this category
occupies 72.7% of the construction land (16/22 groups), while covering only 15.8% of
the arable land (3/19 groups), demonstrating a strong spatial aggregation. The formation
mechanism primarily results from the coverage of impermeable surface layers, which
enhances the evaporation concentration effect of the aquifer, combined with external
inputs of Na" and Cl- from urban wastewater leakage, leading to a transition of
groundwater from its natural state to a high mineralization "chloride-sodium" type,
exhibiting distinct anthropogenic fingerprints characteristic of urbanization.

Category II: Agricultural Nitrification-Calcium Magnesium Leaching Type

The core geochemical logic of this category corresponds to Cluster I (Ca*" and
NOs™-N), which shows a significant positive correlation in the heatmap (r=0.50),
revealing a coupled process driven by agricultural activities involving "nitrification-
acid production-mineral dissolution." Statistical analysis shows that this category is
predominantly occupied by arable land samples, accounting for 68.4% (13/19 groups),
while construction land constitutes only 18.2% (4/22 groups, mostly distributed in
urban-rural interface zones). This indicates that long-term intensive fertilizer
application not only leads to the accumulation of NOs;-N but also accelerates the
dissolution of carbonate minerals in the soil and aquifer due to the resulting acidic

environment, resulting in groundwater in agricultural areas exhibiting distinct



463  characteristics of "hardening and nitrification."
464 Category III: Natural Background and Mixed Equilibrium Type
465 This category features relatively balanced ion indicators, generally low
466  mineralization, and maintains a certain equivalent dominance of HCOs™, being the least
467  affected by external anthropogenic disturbances. In terms of sampling distribution, this
468  category represents the smallest proportion in the region, including only 9.1% of
469  construction sites (2/22 groups) and 15.8% of arable sites (3/19 groups). These samples
470  are mostly located at the recharge sources of the study area or in sparsely disturbed edge
471  zones, maintaining a relatively pristine carbonate balance system. It represents residual
472  background areas that have not been fully anthropogenically transformed during the
473  evolution of regional groundwater, serving as an important reference for assessing the
474  degree of human impact on water quality changes.
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Figure 6: Ion Ratio Plots

Groundwater is hosted in aquifers, where water-rock interactions occur, leading to
various physicochemical processes such as the dissolution and hydrolysis of soluble
salts and ions in the rocks. The major ion ratio relationships in groundwater can
effectively reveal the sources of ions in the water (Mukherjee & Fryar, 2008; Rezaei &
Saatsaz, 2021; He Jin et al., 2019). Typically, Na*, K*, and CI" in water bodies primarily
originate from the dissolution of rock salt and silicate minerals. By calculating the mg-
equivalent concentration ratio of y(Na*+K*)/y(Cl"), the sources of these ions can be
effectively distinguished: when the ratio equals 1, it indicates that the ions mainly derive
from the dissolution of rock salt; when the ratio exceeds 1, it suggests the presence of
an additional source of Na*, usually related to the weathering and dissolution of silicate
minerals; conversely, when the ratio is less than 1, it implies an alternative source of
CI, often associated with industrial discharges or domestic wastewater inputs (Li
Zeyan et al., 2022; Liu Yuanqing et al., 2023). As shown in Figure 5(a), the
y(Na*+K*)/y(CI") ratios at 41 monitoring points in the study area exhibit significant
spatial differentiation. Among them, 13 points (7 in constructed land and 6 in arable
land) have ratios ranging from 0.8 to 1.2, indicating these areas are primarily controlled
by water-rock interactions; 2 points (both in constructed land) have ratios less than 0.8,
reflecting a dominant input of additional Na*; and 26 points (13 in constructed land and
13 in arable land) have ratios greater than 1.0, indicating an input of exogenous CI .
Comprehensive analysis shows that the chemical characteristics of pore water in the
study area are not only influenced by the weathering and dissolution of silicate minerals
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but more significantly affected by external Cl™ inputs.

The y(Ca*)/y(SO+*") ratio (expressed in mg-equivalent concentrations) is a
commonly used ionic ratio indicator in groundwater chemical analysis to reveal the
chemical characteristics and genesis mechanisms of water. A ratio close to 1 indicates
that Ca?" and SO+*" mainly originate from the dissolution of gypsum (Zheng Tao et al.,
2021; Zou Jiawen et al., 2022). A ratio less than 1 may result from the dissolution of
other sulfate minerals or anthropogenic inputs, while a ratio greater than 1 may indicate
contributions from the dissolution of calcite or dolomite or the adsorption of Na* by
clay minerals, releasing Ca** (Zhou Zhongfa et al., 2018). Figure 5(b) displays
significant spatial differentiation in the y(Ca*")/y(SO4*") ratios in the study area: 9.8%
(4/41) of sampling points have ratios of 0.8-1.2 (3 in constructed land, 1 in arable land),
dominated by gypsum dissolution; 73.2% (32/41) have ratios > 1.2 (14 in constructed
land, 16 in arable land), reflecting significant contributions from carbonate dissolution
or cation exchange to Ca**; and 17.1% (7/41) have ratios < 0.8 (5 in constructed land,
2 in arable land), indicating the dissolution of other sulfate minerals or anthropogenic
SO+~ inputs. The results suggest that the chemical evolution of groundwater is
primarily controlled by carbonate dissolution and cation exchange, with gypsum
dissolution as a fundamental influence, and local disturbances from human activities.

Ca*, Mg?*, HCOs~, and SO+*>" in groundwater typically stem from the weathering
and dissolution processes of carbonate, silicate, and evaporitic minerals (Ekwere et al.,
2023). The y(Ca*+Mg*")/y(HCOs+S0O4*") ratio can indicate the primary sources of
Ca?" and Mg?". When the ratio is approximately equal to 1, it signifies that calcium and
magnesium ions mainly come from the weathering and dissolution of carbonate rocks
(Guo Qiaoling et al., 2016). If the ratio exceeds 1, it implies that the calcium and
magnesium ions in groundwater are predominantly influenced by the weathering of
silicate rocks or the dissolution of evaporites (Zhang et al., 2023). Conversely, if the
ratio is less than 1, it indicates that cation exchange or anthropogenic inputs are the
main contributing factors to the modified ratios in the study area (Kou et al., 2024).
Figure  5(c)  illustrates  significant  spatial  differentiation in  the
v(Ca**+Mg*")/y(HCOs+SO4+*") ratios of groundwater: 39% of sampling points have
ratios of 0.8-1.2 (9 in constructed land, 7 in arable land), reflecting carbonate
weathering-dominated water-rock interactions; 31.7% have ratios > 1.2 (5 in
constructed land, 8 in arable land), indicating enhanced contributions from silicate
weathering or evaporite dissolution; and 29.3% have ratios < 0.8, possibly influenced
by cation exchange or anthropogenic inputs. This ternary distribution confirms the
coexistence of various geochemical processes, including carbonate leaching, silicate
weathering, and evaporite dissolution. The concentration of high ratio points in
constructed land and arable land suggests that human activities (such as irrigation return
flow and fertilizer leaching) indirectly promote the weathering and dissolution of

silicate and evaporitic minerals by altering water-rock interaction conditions.
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The y(ClI+S0+*")/y(HCOs") ratio can assess the chemical characteristics, genesis,
and evolution processes of the water body, determining the sources of Cl-, SO+*", and
HCO;™ in groundwater. When this ratio exceeds 1, it indicates evaporation
concentration effects or anthropogenic pollution, or that the dissolution of evaporitic
rocks or sulfate minerals leads to the enrichment of CI~ and SO+*~ (Gong Yabing et al.,
2022); conversely, when the ratio is less than 1, it indicates a relative dominance of
HCOs7, signifying that carbonate dissolution is the controlling water-rock interaction
process (Gong Yabing et al., 2022; Liu Bing et al., 2021). Figure 5(d) shows that
approximately 36.5% of the sampling points in the study area (7 in constructed land, 8
in arable land) have ratios between 0.8 and 1.2, reflecting a relative balance between
carbonate and silicate rock weathering and dissolution; whereas points with ratios
greater than 1.2 (indicating silicate dissolution or anthropogenic/evaporative influences)
and less than 0.8 (indicating dominance of carbonate dissolution) each account for
31.7%, with a roughly equal distribution among the two land use types (both 8 in
constructed land and 5 in arable land). This statistical distribution characteristic
objectively indicates that the y(Cl+SO0+*)/y(HCOs") ratio does not effectively
differentiate between constructed and agricultural land, and its spatial differentiation is
not significant, suggesting that this ratio mainly reflects the spatial heterogeneity of
regional hydrogeochemical processes rather than direct impacts from land use types.

In summary, constructed land is more significantly influenced by anthropogenic
activities such as industrial discharge, domestic sewage, and fertilizers, manifested by
characteristics such as 7y(Na*+K*)/y(Cl)) < 0.8, y(Ca*)/y(SO+*) < 0.8, and
Y(CI'+S0+*)/y(HCOs") > 1.2, indicating anthropogenic ion inputs as the main driver of
its hydrochemical evolution; while arable land is primarily characterized by natural
mineral dissolution and the indirect promotion of weathering processes influenced by
human  activities, with  ratios such as  y(Ca*)/y(SO+*) > 1.2,
v(Ca?+Mg*")/y(HCO3+S04*") > 1.2, and y(CI™+SO+*)/y(HCOs") < 0.8, indicating that
natural mineral dissolution and indirectly driven weathering processes from irrigation
return flow and fertilizer leaching are its core characteristics. The differences between
constructed land and arable land in hydrochemical characteristics fundamentally reflect
the direct alteration of groundwater chemistry by human activities (in constructed land)
versus the indirect influences under natural process dominance (in arable land).

3.4 Factor Controlling Analysis

3.4.1 Identification of Controlling Factors

In probabilistic graphical models, Gibbs graph analysis serves not only for
estimating the posterior distributions of variables within these models but also finds
application in hydrochemical analysis, where it identifies the dominant controlling
factors of ionic composition in water bodies (e.g., rock weathering, evaporation
concentration, or atmospheric precipitation). Typically, a ratio of less than 0.5 indicates
that the water body is primarily influenced by rock weathering, while a ratio greater
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than 0.5 suggests that evaporation concentration is the main influencing factor. When
both the ratio and Total Dissolved Solids (TDS) levels are low, it indicates that
atmospheric precipitation predominantly affects the water body (Gibbs). The results of
the Gibbs graph analysis (Figure 7) indicate that the TDS concentration of groundwater
in the constructed land of the study area ranges from 750 to 1800 mg/L, while the TDS
concentration in agricultural land varies between 700 and 1600 mg/L, reflecting an
overall moderate salinity characteristic. From the distribution of ionic ratios, there are
24 sampling points with a Na*/(Na*+Ca?") ratio greater than 0.5 (14 in constructed land
and 10 in agricultural land) and 17 sampling points with a ratio less than 0.5 (8 in
constructed land and 9 in agricultural land). These points are mainly distributed in the
"rock weathering type" and "evaporation concentration type" areas, clearly deviating
from the "atmospheric precipitation type" region.

The analysis of the CI7/(ClI"+HCOs") ratio reveals that there are 11 sampling points
with a ratio greater than 0.5 (6 in constructed land and 5 in agricultural land) and 30
sampling points with a ratio less than 0.5 (16 in constructed land and 14 in agricultural
land), with most of these points located in the "rock weathering type" area. In summary,
the comprehensive results from the Gibbs graph analysis indicate that the chemical
characteristics of this shallow groundwater are primarily controlled by rock weathering,
with some influence from evaporation concentration. Notably, the groundwater
sampling points in constructed land are more concentrated in the evaporation
concentration area, suggesting that human activities may have exacerbated the
evaporation concentration effects. This finding aligns with research results from the
midstream oasis area of the Heihe River Basin (Wang Guohua et al., 2022),
underscoring the significant impact of human activities on the hydrochemical

characteristics of groundwater.
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Figure 7: Gibbs Diagram of Groundwater in the Fluvial-Lacustrine Deposit Area
The ion end-member ratio plot (Figure 8) is an important tool for analyzing
hydrochemical characteristics and their origins. By comparing the proportional
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relationships of different ions, it reveals the underlying causes of hydrochemical
features, distinguishes the influences of various rock types (Zeng Jiao et al., 2024), and
assesses the impact of human activities (Xu Panpan et al.), thereby guiding water
resource management and conservation. Commonly used relationships such as
n(HCOs")/n(Na*)-n(Ca*")/n(Na*) and n(Mg?*)/n(Na*)-n(Ca*")/n(Na*) qualitatively
identify the effects of carbonate, silicate, and evaporite weathering on groundwater
solutes (Gaillardet et al., 1999; Gan et al., 2018). Results indicate that agricultural land
predominantly aligns along the Carbonate arrow, exhibiting a high Ca?"/Na* ratio and a
moderate HCOs/Na* ratio. The Mg**/Na* ratio shows a significant positive correlation
with the Ca**/Na* ratio, reflecting a natural mineral dissolution process primarily driven
by carbonate weathering, wherein natural factors play a dominant role (Davraz &
Aksever, 2025). In contrast, constructed land deviates from the Carbonate line,
displaying a low Ca*"/Na* ratio and some points shifting towards the Evaporite region.
The Mg?*/Na* ratio is more dispersed, deviating from the natural linear relationship,
indicating the combined effects of silicate or evaporite weathering and human
interference, which have altered hydrological conditions and ion sources (Du Qiangian
et al., 2024). In summary, the chemical characteristics of groundwater in agricultural
areas maintain a consistent dominance of natural processes, while those in constructed
land exhibit greater complexity due to human interference. The differing characteristics
between the two are fundamentally rooted in the distinction between natural mineral
weathering and the coupled evolution of anthropogenic and natural processes.
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Figure 8: Ion End-Member Ratio Plots
3.4.2 Mineral Saturation Index Analysis
The Saturation Index (SI) analysis is a key method for evaluating the chemical
equilibrium state between aqueous solutions and specific minerals (Zhang Yiwu et al.,
2025; Promilton et al., 2025). The SI value reflects the saturation degree of groundwater
concerning minerals: it is generally accepted that when —0.5 < SI < 0.5, the mineral is

in equilibrium or near equilibrium; when SI > 0.5, the mineral is supersaturated and
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tends to precipitate; and when SI <—0.5, the mineral is undersaturated and continues to
dissolve (Zhao Guangshuai et al., 2024).

From the study presented in Figure 8 (a~f), significant differences in carbonate
minerals (calcite, dolomite) were observed under different land use types. The SI values
of groundwater in agricultural areas are predominantly greater than 0.5 (supersaturated),
attributed to the enrichment of Ca?>* and HCOs™ resulting from agricultural activities
such as fertilization and irrigation, which significantly enhance the activity product of
these ions. In contrast, SI values for constructed land tend to fall within the equilibrium
range of —0.5 to 0.5 or approach undersaturation. For sulfate minerals (gypsum), the SI
values in agricultural land range between —0.5 and 0.5, indicating a near-equilibrium
state, which results from the synergistic balancing effect of SO+*~ provided by fertilizer
decomposition and Ca?" in the soil. Conversely, gypsum SI values in constructed areas
are generally less than —1.0, exhibiting strong undersaturation, primarily due to the
relative reduction of Ca*" concentrations caused by human activities. Regarding halide
minerals (rock salt, fluorite), the SI values in agricultural areas are closer to the
equilibrium range, while those in constructed land typically fall below —1.0 (strong
undersaturation). Significant changes in ion composition (e.g., decreased Ca*" and
increased F~) lead to a stronger tendency for dissolution of these minerals in such
environments.

Analysis of the correlation between fluoride ion concentration (F-) and fluorite
saturation index (SI) in Figure 8 (g) reveals key characteristics of the fluoride chemistry
behavior in the study area: (1) Fluoride concentration is significantly negatively
correlated with the saturation index (R? = 0.93), indicating that high-fluoride waters are
more likely to be in a significant undersaturated state, reflecting the dominant role of
calcium fluoride dissolution equilibrium; (2) Over 85% of the sample points are
distributed in the undersaturated zone (SI < —0.5), demonstrating the general potential
for sustained dissolution of fluorides in these waters, possibly related to primary
leaching of fluorides in the aquifer or specific geochemical environments; (3) Some
highly mineralized waters (TDS > 5 g/L) show a trend of shifting toward equilibrium
or supersaturation, suggesting that increased salinity may influence the solubility of
fluorides through ionic effects. This finding provides a scientific basis for the
management of high-fluoride groundwater, particularly in areas with F~ > 10 mg/L,
where adjusting calcium ion concentrations can promote the transition of calcium
fluoride to a supersaturated state (SI > 0.5), facilitating precipitation and effectively
removing fluoride, thereby supporting the remediation of shallow high-fluoride
groundwater in river-lake depositional areas.

Overall, the SI values of groundwater in agricultural areas are generally higher
than those in constructed land, demonstrating a greater tendency to achieve mineral
equilibrium or supersaturation (SI > —0.5). In contrast, minerals in constructed land are

often in a state of significant undersaturation or approaching saturation, reflecting the
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essential differentiation in hydrochemical processes between the two land uses. This
differentiation arises from agricultural inputs reinforcing the dissolution-precipitation
dynamic balance of natural minerals, leading mineral components closer to saturation,
while intense human interference in constructed land disrupts the original ionic balance,
causing most native minerals to remain in an undersaturated dissolved state. This
difference indicates that agricultural management should consider the potential impact
of mineral precipitation on soil permeability, while constructed land requires attention
to prevent ongoing mineral dissolution that may lead to imbalances in groundwater
chemical components, thus providing a scientific basis for the classified management
of regional groundwater environments.

@ Construction Groundwater @ Agricultural Groundwater
— — - Linear fitting T 95% Confidence interval

1
-4

3 T T
(b)
7 & o .
9 2 O
RN P :
;‘: aﬁ 04+ - - - __g_::\_::::
si=0 Pe® @
4 4 o 1
'10 T T 1 1
0 1 2 3 0 1 2 3
TDS(e/L) TDS(g/L)
1 T T -4 T T =
(c) (d) L2
B —im iz m e 5- e .
: | 6o
& 17 o Hiheam"" ;:-6— i
3 = : p
0 —— 4 7 .
B 0 @
e T T -8 T T
0 1 2 3 0 1 2 3
TDS(g/L) TDS(g/L)
l (f) I I = -~ 3 ) I I I
« ® _-° , e T y=1313-0915
B R T i TrS R e IR ST
E Mo £ ! g®
=2 -1 = %0 4 2 04 -
£ = - =
il i -
Ly ’ 2 P Undersaturatedl_
-3 T T ‘3 T T I
0 1 2 3 0.01 0.1 1 10 100
TDS(g/L) Fr(mg/L)

Figure 8: Mineral Saturation Indices
3.4.3 Cation Exchange
Cation exchange is an important chemical process between groundwater and
aquifer minerals. By analyzing the direction and intensity of cation exchange, it is



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

possible to infer the chemical equilibrium state of groundwater, leading to a better
understanding of the processes and mechanisms underlying groundwater chemical
evolution (Huang Junchen et al., 2023).

Figure (a) shows a significant linear relationship between the total cations in
groundwater (Na" + K* + Ca?" + Mg?") and the total anions (HCOs~ + SO+* + CI") with
an R? value of 0.946, indicating overall charge balance. However, agricultural land
primarily clusters near the fitted line, while constructed land shows significant
deviation. This reflects a more uniform ionic source in agricultural land, leading to a
more stable charge balance; conversely, constructed land likely experiences additional
ionic inputs that result in charge imbalance, complicating the hydrochemical processes.

Figure (b) presents an analysis of ion exchange characteristics, with agricultural
land predominantly distributed near the line y = -x (theoretical line for simple ion
exchange), indicating that its hydrochemical processes are mainly dominated by the
exchange of Na*" with Ca?"/Mg?*" (Zhang Ziyan et al., 2024). In contrast, constructed
land deviates significantly from this line, suggesting that, in addition to ion exchange,
it is also influenced by complex processes such as evaporation concentration and
anthropogenic inputs, weakening the dominance of ion exchange.

Figure (e) reveals that the Ca?*/Na* ratio in agricultural land primarily concentrates
between 0.5 and 1.5 (with an average of approximately 1.0), while several points in
constructed land exhibit ratios <0.5 (with a minimum around 0.2). This indicates
relative enrichment of Ca** in agricultural land, whereas Na* is relatively enriched in
constructed land (Ewusi et al., 2022; Qu et al., 2022). Coupled with Figure (d) (the
relationship between CAI-2 and TDS), the CAI-2 values in constructed land
significantly increase with rising TDS, indicating that as TDS increases, the ion
exchange process of Na® displacing Ca*" is enhanced, further exacerbating Na*
enrichment. Conversely, the CAI-2 values in agricultural land show little variation with
TDS, reflecting a lesser influence of TDS on its cation composition, leading to greater
stability.

In summary, the chemical characteristics of groundwater in agricultural areas are
predominantly driven by natural/agricultural processes, exhibiting stable charge
balance and relative enrichment of Ca?". In contrast, constructed land is significantly
affected by human interference, leading to potential charge imbalance and relative
enrichment of Na*, with ion exchange processes intensifying as TDS increases. The
fundamental difference between the two lies in the enhancement of natural
hydrochemical processes by agricultural activities versus the disruption of these
processes by anthropogenic activities.
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Figure 10: Cation Exchange Ratio and Chloride-Alkali Index Distribution Plots

3.4.4 Human Activity Impact

The study area, as a typical river-lake sedimentary region, possesses high-quality
land resources that provide an important foundation for agricultural development. At
the same time, agricultural activities and human disturbances have become the
dominant factors influencing changes in groundwater chemical components. Through
the analysis of the ratios y(SO4>")/y(Na") and y(NOs")/y(Na"), it is possible to accurately
identify the impact characteristics of different human activities: industrial activities
primarily contribute SO+*, while NOs;~ and ClI- mainly originate from agricultural
activities (Li Zhenghong et al., 2018; Liu Haoyang et al., 2024).

Figure 11(a) shows that groundwater sampling points in the study area are
concentrated in regions influenced by agricultural activities, with only one sampling
point located in an industrial activity zone, indicating that the application of agricultural
fertilizers is the main source of pollution. Furthermore, when combined with Figure
11(b), it can be observed that, aside from some points located in Zone D (domestic
sewage area), the sampling points are primarily concentrated in Zone E (manure input
area), confirming that the application of domestic wastewater and livestock manure is
a key pathway for groundwater contamination in the study area. Overall, the chemical
characteristics of groundwater in the study area are primarily controlled by domestic

wastewater and agricultural non-point source pollution.
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Figure 11: Ratio plots of y(SO+*)/y(Na*) and y(NOs)/y(Na*), as well as y(CI')/y(Na*) and
Y(NOs)/y(Na).
3.5 Analysis of Variance (ANOVA)

To ensure the validity of the results from the analysis of variance, this study
examined the underlying assumptions. The results of the normality test (Shapiro-Wilk
test) indicated that the data for Na*, Ca?*, and NOs~ (33.3% of the indicators) conformed
to a normal distribution, while the data for K*, Mg?", HCOs~, F~, Cl-, and SO+* (66.7%
of the indicators) showed that at least one group did not meet the normality assumption.
Although some indicators did not fully satisfy the normality assumption, considering
the Central Limit Theorem, parametric tests can still be robust when the sample size is
sufficiently large (n > 30). The results of the homogeneity of variance test (Levene's
test) indicated that eight indicators (Na*, K, Mg?*, HCOs, F~, Cl-, SO+*", NO5™; 88.9%
of the indicators) satisfied the homogeneity of variance assumption, with only Ca**
failing to meet this criterion (p = 0.0431 < 0.05). Overall, the vast majority of indicators
satisfied the homogeneity of variance assumption, allowing for the conduct of ANOVA.

Building on prior spatial interpolation, correlation analysis, clustering analysis,
and a series of hydrochemical causative diagrams, this study further conducted variance
analysis (ANOVA) to quantitatively test the differences in groundwater chemical
components under two land use types: construction land and cropland (Figure 12) .

The conclusions are as follows:



772
773

774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794

700

0.045 - CLG
—_ r N ALG
=5, 600 -
g 0.1617
5 500
«
=
=
[0}
2 400 - 0.9367 Y
o
O
vt i
© 300 1 0.7389
E
§ 04139 0.1863
200
j )
50
fan]
5
> 100 +
<
0 CLGlAL(j CLG|ALG|CLG j CLG|ALG CLG|ALG
K Na' Cca?' | wmg* cr 80,7 | HCO, | NOy F

Figure 12: Variance Analysis of Groundwater Samples from Construction
Land and Cropland in the Study Area

The ANOVA results indicate that, despite the preliminary spatial interpolation
maps showing some spatial heterogeneity in the hydrochemical components of the
study area, the groundwater framework components between construction land and
cropland exhibit high homogeneity and similarity from a statistical perspective. Among
the nine indicators tested, only HCOs~ showed a significant statistical difference (P =
0.045 < 0.05), with the mean value for construction land (491.74 mg/L) significantly
higher than that for cropland (414.13 mg/L). Combined with prior ion ratio maps and
mineral saturation index analyses, this suggests that construction land (village and
residential areas) is more significantly impacted by domestic sewage discharge or
leaching of building materials, resulting in greater disturbance to the groundwater
carbonate system. Additionally, SO+*>" exhibited a "borderline significant" characteristic
(P = 0.082), indicating that construction land may have more non-agricultural sulfur
source inputs (e.g., domestic coal combustion or wastewater from washing).

It is noteworthy that although earlier clustering analyses and spatial distribution
maps indicated fluctuations in ion levels between the two land uses, the ANOVA
confirmed that major ions such as Na*, Ca*’, Mg*", and ClI" showed no significant
differences between the two land uses (P > 0.05). This conclusion aligns closely with
the analyses from Gibbs diagrams and ion end-member ratio plots, further confirming
that the fundamental hydrochemical characteristics of groundwater in the study area are
primarily controlled by natural evolutionary processes. Although changes in land use
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have altered water quality responses on a local scale, they have not disrupted the overall
patterns controlled by regional geological background.

Regarding the indicative agricultural activity parameter NOs~, although the mean
value for cropland (205.92 mg/L) is higher than that for construction land (175.12
mg/L), the statistical test did not reach significance (P = 0.162). This suggests that under
the complex habitat conditions of the area, the contributions of intensified agricultural
fertilization to groundwater and the nitrogen sources generated by village domestic
wastewater are intertwined, resulting in a "similar but different" fingerprint effect on
the groundwater chemistry between the two typical land uses. In summary, the chemical
evolution of groundwater in the study area displays a pattern dominated by geological
background with localized anthropogenic disturbances. Future precise control measures
should focus on abnormal fluctuations in carbonate balance around construction land

and the cumulative effects of nitrogen in agricultural areas.

4 Conclusion

(1) The hydrochemical characteristics are significantly correlated with land use,
exhibiting distinct differentiation patterns. The shallow groundwater in the study area
is slightly alkaline, primarily characterized by HCOs;-Ca and CI-Na types.
Groundwater in construction areas is driven by domestic sewage and industrial point
source pollution, resulting in high total dissolved solids (TDS) (mean 1140 mg/L),
excessive Na* (40.9%), and high variability coefficients for K* and F~. In contrast,
groundwater in agricultural land is influenced by non-point source pollution from
agricultural fertilization, with prominent NOs~ contamination (mean 205.9 mg/L). The
enrichment of Ca?>" and NOs™ along transportation corridors reflects the cumulative
impact of traffic emissions.

(2) The driving mechanisms of hydrochemical evolution present a binary
differentiation of "direct transformation" and "indirect facilitation." The core of the
evolution in construction land is the direct input of anthropogenic ions (such as Na*,
SO+*", CI"), primarily driven by industrial wastewater and domestic point sources. In
contrast, agricultural land is mainly influenced by the dissolution of natural minerals
(carbonates and silicates), supplemented by indirect weathering processes driven by
irrigation return flow and fertilizer leaching. This differentiation essentially highlights
the contrast between chemically driven industrial/domestic inputs from point source
pollution and the agricultural ecological chemical cycles driven by non-point source
pollution.

(3) Ion ratio characteristics clearly identify the contribution proportions of
anthropogenic disturbance and natural mineral dissolution. High TDS sampling points
are predominantly associated with CI-Na types, indicating that anthropogenic salt
inputs obscure the natural chemical background. Through ion ratio diagram analysis,
samples from construction areas cluster towards regions of anthropogenic input, while

samples from agricultural land are distributed near natural weathering and agricultural
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leaching lines. This regional clustering pattern provides critical thermodynamic and
statistical evidence for tracing groundwater pollution sources.

(4) The pattern is dominated by natural background influences, with localized
anthropogenic disturbances leading to differentiation. Among the nine primary
indicators, only HCOs~ shows significant differences related to land use types (P <0.05),
with construction land significantly higher than agricultural land, reflecting the specific
impacts of urban domestic discharge and building leachate. However, no significant
differences were found for the remaining indicators such as Na*, Ca?', Cl-, and NOs~
(P > 0.05). This further confirms that the groundwater in the study area is primarily
controlled by natural evolutionary processes such as mineral weathering and cation
exchange. Although changes in land use have produced differentiated disturbances in
local water quality, they have not fundamentally altered the overall hydrochemical
evolutionary framework determined by geological background.
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