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Abstract

The determination of groundwater background levels is a prerequisite for assessing and
analyzing groundwater characteristics. Shanghai is among the most economically devel-
oped regions in China and is located in the estuary of the Yangtze River, where frequent
hydrogeochemical processes occur. Moreover, the frequency of anthropogenic activities in
Shanghai is very high. Consequently, assessing groundwater background levels in Shang-
hai is inherently limited if only statistical methods are adopted or anthropogenic impacts
are ignored. In this study, hydrochemical and statistical methods were coupled to identify
groundwater anomalies and background levels. The results revealed distinct differences in
hydrochemical characteristics between the two selected independent units (Chongming
and Qingpu units), highlighting the necessity of reasonably delineating hydrogeological
units for obtaining background values. Furthermore, for these two independent units,
different optimal methods for identifying and eliminating anthropogenic groundwater
anomalies were determined. The use of coupled methods was demonstrated to be substan-
tially superior to the use of purely statistical approaches. Hydro-HCA was identified as
the optimal identification method for the Chongming unit, whereas Hydro-Grubbs was
determined as the most suitable method for the Qingpu unit. This could be attributed
mainly to the coupled methods accounting for not only the dispersion of the data itself but
also the intrinsic relationships and evolutionary processes of hydrochemical components.
These findings could provide reliable information for subsequent groundwater background
surveys and studies on groundwater pollution characteristics in Shanghai and to guide
future endeavors aimed at protecting groundwater resources.

Keywords: groundwater; apparent background levels; coupling method; outliers

1. Introduction

Groundwater is a crucial component of industrial and domestic water resources [1,2].
With rapid economic and social development, pollutants originating from the irregular
discharge of industrial and domestic sewage and the excessive use of agricultural fertil-
izers inevitably enter groundwater [3-5]. This has led to serious groundwater quality
deterioration in many countries and cities, posing a serious threat to human health [6,7].

Moreover, the imbalance in regional economic development has led to different de-
grees of groundwater pollution [8,9]. Both natural and anthropogenic sources can alter the
concentrations of compounds in groundwater. Thus, identifying the natural background
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levels of these chemical compounds in groundwater is essential for determining the im-
pacts of anomalies and anthropogenic activities, as well as for the optimal management of
groundwater quality.

The natural background levels in groundwater refer to the concentrations of various
chemical components in groundwater under the influence of natural processes without pol-
lution, such as water-rock interactions, chemical-biological processes in unsaturated zones,
and interactions with other water bodies [10,11]. However, long-term and widespread
anthropogenic activities inevitably affect these chemical components and change ground-
water quality. Industrial emissions from metallurgy, mining, petrochemicals, electronics,
printing and agricultural activities such as fertilization and aquaculture, as well as ur-
ban sewage discharge and seawater intrusion, can change the chemical characteristics of
groundwater [5,12,13]. Thus, identifying polluted and unpolluted groundwater is difficult,
and establishing natural background levels in urbanized areas is necessary but challenging.
Compared with natural background level, apparent background level is more capable of
reflecting the evolution characteristics and current status of chemical elements in ground-
water under the combined influence of nature and normal human activities [14]. Through
the analysis of hydrochemical components under this combined scenario, apparent back-
ground level could address the difficulty in defining the natural background level, due to
the indistinguishability between natural and human impacts, and overcome the difficulty
in assessing the natural background level caused by the lack of groundwater quality survey
data. It has greater practical application value.

Shanghai, located in the Yangtze River estuary, exhibits the most rapid urbanization
and industrialization transformation in China [15] and includes the largest estuarine al-
luvial island in the world, called Chongming Island [16]. Affected by river erosion, the
hydrodynamic and hydrochemical fields of groundwater in Shanghai are complex and
varied. Currently, groundwater is used in Shanghai to a relatively limited extent, mainly
in a natural state. The groundwater depth is relatively shallow and is easily affected by
surface runoff recharge. Moreover, owing to the influence of factors such as precipitation
and tides, the groundwater level exhibits certain seasonal variations [17]. In addition,
the groundwater quality in Shanghai is controlled not only by natural factors but also
by anthropogenic activities, such as the leakage of industrial wastewater and domestic
sewage, as well as the excessive use of agricultural chemicals [18]. Consequently, little
is known regarding the present and future groundwater quality levels in Shanghai. In
addition to changes in regional groundwater hydrochemistry caused by direct and indirect
anthropogenic activities [19,20], the rise in sea level caused by climate change and changes
in coastal hydrology and groundwater recharge may cause hydrochemical evolution [21,22].
Thus, there is an urgent need to establish groundwater background values in Shanghai
to assess groundwater environment quality, identify and trace human pollution, plan
groundwater pollution prevention and control urban water supply safety and ecological
security in Shanghai.

For similar estuarine environments, several methods have been used to assess the
groundwater background value. For example, a new preselection method was proposed to
evaluate the natural background levels of C1~ and NO3 ™ through the Cl/Br ratio, to identify
the polluted groundwater in the Pearl River Delta [23]. In another research, an improved
preselection method combined with Grubbs was applied to clarify the natural background
values of phosphates in groundwater units in the Pearl River Delta [24]. Additionally, a
coupled approach of pre-selection and statistical methods has been used to evaluate the
natural background value of Al in shallow groundwater of the PRD [25]. In contrast, the
study of groundwater background values in the Yangtze River Delta has not received
sufficient attention.
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Thus far, ensuring that groundwater survey data are not affected by anthropogenic ac-
tivities is difficult, even in Antarctica [26,27]. No matter which concept, the anomalous parts
in complex groundwater monitoring datasets should be identified and eliminated before
the background values can be determined and the concentrations of various chemical com-
ponents during natural and normal anthropogenic activities can be determined [6,28-30].
Eliminating outliers through nonparametric and parametric methods is the most common
approach [31]. Nonparametric methods include preselection, quantile regression, proba-
bility plots, and cumulative frequency analysis, which depend on the data rather than the
distribution features of the data [31-33]. Parametric methods include Grubbs’ test, Huber’s
test, and Dixon’s test, which are strongly affected by the data distribution [31,34,35].

The use of a single identification method may not effectively identify outliers. This
could also lead to the artificial separation of the internal relationships among various
components of groundwater, thereby limiting the effective understanding of groundwater
evolution patterns and characteristics. Moreover, this approach may fail to accurately re-
flect the degree of human impact, subsequently affecting the accuracy of background value
assessment. A combination of identification methods can be used to comprehensively de-
termine groundwater background values, and the intrinsic relationships of hydrochemical
components and their interactions can be explored to trace abnormal anthropogenic sources
of groundwater [36]. Currently, most studies focus on conventional hydrochemical parame-
ters and the contents of some heavy metals in groundwater. Thus, the use of a combination
of identification methods to determine the natural hydrochemical background value for
groundwater and extending this approach to obtain the background values of various
heavy metals in groundwater may be beneficial for identifying groundwater outliers and
assessing background values.

In this study, two typical areas in Shanghai were chosen as regional examples for anal-
ysis. The aims of this study were to select the optimal method for identifying groundwater
outliers by comparing seven outlier identification methods, including single methods and
coupled hydrochemical and statistical methods. The results of this study could contribute
to a greater understanding of the current status of groundwater in Shanghai, offer valuable
insights for improving groundwater management in the Yangtze River Delta region, and
provide a sound basis for policy decision makers to formulate groundwater management
plans and protect groundwater resources. The study results also serve as valuable reference
data for assessing natural background values for groundwater in other cities and regions.

2. Study Area

Shanghai is located east of the Yangtze River Delta, China (120°52' 122°12" E,
30°40' 31°53’ N) (Figure 1), and covers a total area of 6833 km?2. The terrain slopes from
east to west, with an altitude generally below 110 m and an average of 4 m. The entire
region comprises plains and three main islands. The study area has a north subtropical
monsoon climate, with an average annual temperature of 15.5 °C [20]. The multiyear
average precipitation is relatively stable, approximately 1147.3 mm, with most occurring
from May to September, accounting for 60% of the annual precipitation. The potential
annual evapotranspiration is approximately 850 mm [37]. There are two main rivers in
Shanghai (e.g., the Changjiang River and Huangpu River), and all the rivers discharge into
the East China Sea. Urban expansion has lasted for more than five decades in Shanghai
because of the opening-up policy of China, and the area of urban land has increased signifi-
cantly. Shanghai can be divided into three types of land-use areas: urban land, agricultural
land, and the remaining land. Urban land is related to highly dense construction land.
Agricultural land includes farmland and orchards that are frequently irrigated, while the
remaining land includes forestland, grassland, and uncultivated land [38,39].
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Figure 1. Study area location and distribution of sampling sites in Shanghai. The reframes represented
the selected research areas.

The topography of the Quaternary basement in Shanghai encompasses high terrain in
the southwest and low terrain in the northeast. Since the Late Tertiary period, Shanghai
has experienced persistent uneven subsidence, resulting in the accumulation of 200-350 m
of loose Quaternary clastic sedimentary strata. Briefly, the strata below 150 m belong to
the Lower Pleistocene, and are composed primarily of variegated clay and sand interbeds
that are associated with river lake sedimentation. Strata above 150 m represent Middle
Pleistocene, Late Pleistocene, and Holocene deposits and are characterized by alternating
layers of gray clay, sand, and silt, respectively, which are associated with marine terrestrial
interactions. Shanghai’s groundwater system is conventionally classified into one uncon-
fined aquifer (or semiconfined aquifer) and five confined aquifers (from top to bottom, they
are classified as I-V confined aquifers). The depth to the groundwater level varies from
0.2-2 m, and the main recharge sources are atmospheric precipitation, surface runoff, and
irrigation [4,18,40]. Considering the minimizing anthropogenic disturbance and the differ-
ences in hydrogeological characteristics and groundwater recharge patterns, Chongming
and Qingpu area were selected as independent hydrogeological units. More details on the
hydrogeological conditions of Qingpu area and Chongming Island are provided in the
Supporting Information (Text S1, Figures S1 and S2).

In accordance with the aquifer media, geological structures, landforms and topograph-
ical features, the study area was delineated into two hydrogeological units, namely, the
Qingpu area and Chongming Island. The goal of division is to group data with strong
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hydraulic connections and similar hydrochemical characteristics into the same hydrogeo-
logical unit.

3. Materials and Methods
3.1. Research Idea and Flowchart

An overview of this research idea was provided to evaluate the assessment of the
apparent background level in groundwater, as shown in Figure 2. Briefly, after the geo-
logical environmental data of Shanghai (China) urban areas were analyzed, two typical
regions were selected for groundwater background value drilling and sampling analysis.
Several methods, including single and coupled methods, were subsequently applied to
identify and eliminate the outliers for each hydrogeological unit (the two divided regions).
On the basis of the identification results, the optimal elimination methods suitable for
each hydrogeological unit were selected to evaluate the apparent background level in
groundwater. All the background levels (including major groundwater compositions) were
evaluated through the cumulative frequency method through the remaining dataset after
outliers in each hydrogeological unit were eliminated.

Groundwater background value evaluation by anomaly identification

|

Sampling sites selection and confirmation

l

Division of hydrochemical units

|

Single method Coupling method

‘ Hierarchical cluster analysis (HCA) ‘ ‘ Grubbs—HCA‘ ‘ Grubbs-Hydro ‘

Grubbs’ test (Grubbs) ‘ ‘ Hydro-HCA ‘ ‘Hydro-Grubbs‘

I Hydrochemical method (Hydro) ‘ HCA-Hydro

|

Optimal outlier elimination method screening

|

Elimination quantity ‘ ’ Inflected point plot ‘ Box plot

l

Groundwater background value assessment

Figure 2. Technological roadmap for outlier identification and apparent background levels.

3.2. Sampling and Chemical Analysis

In accordance with the investigation requirements, a total of 71 samples were collected
from shallow groundwater 4.0-10.0 m below the ground surface, including 10 parallel
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quality control samples. The sampling sites were selected on the basis of certain criteria,
such as accessibility, site owner agreement, and excavation conditions. Moreover, the
sampling sites were kept as far as possible from pollution sources and anthropogenic
activities to avoid interference. After the well was constructed, 3-5 times the well volume
was used to flush the well to ensure the reliability of the subsequent groundwater sample.
After sampling, the collected samples were immediately stored at 4 °C until laboratory
procedures could be performed. All operating procedures strictly followed The Technical
Specifications for Environmental Monitoring of Groundwater (HJ 164-2020) [41], The
Regulation of Groundwater Monitoring Well Construction (DZ/T0270-2014) [42], and the
local regulations of Shanghai.

Six physicochemical parameters, namely, the pH, temperature, redox potential (Eh),
dissolved oxygen (DO), electrical conductivity (EC), and turbidity, were measured in situ
using portable water quality meters. Other chemical parameters, such as the major cations,
anions, and total dissolved solids (TDS), were measured at the Testing Laboratory of the
Shanghai Academy of Environmental Sciences, and quality control analysis was conducted
at Shanghai Geotechnical Engineering Testing Center Co., Ltd. (Shanghai, China). More
details on the test standards and specific compounds are provided in the Supporting
Information (Text S2).

3.3. Data Collection and Statistical Analysis Process

After the sampling and analysis processes were complete, the sample data were
obtained. Data processing was subsequently conducted. The Piper plot and Durov diagram
were used to evaluate the hydrochemical characteristics and groundwater facies.

Hydrochemical graphic methods (Hydro) are diagnostic approaches that aim to iden-
tify outliers by analyzing the main components of groundwater and changes in ground-
water parameters [36]. In the outlier analysis process, a Piper plot was used to reflect the
evolution of groundwater chemistry, while the ionic relation was evaluated by several ion
exchange plots [43,44]. Afterward, the combination of hydrochemical diagrams and the Ma-
halanobis distance was used to identify and quantify the outlier values in the geochemical
process [1]. Hierarchical cluster analysis (HCA) is a statistical analysis method that groups
samples or variables in a dataset on the basis of their similarity or proximity [45]. HCA
was conducted after the z scores of the groundwater chemistry data were standardized by
SPSS 21.0. Afterward, the nearest-neighbor linkage rule was applied to identify similar
or dissimilar properties, which were displayed in tree graphs; during this process, the
squared Euclidean distance was used as the method of measuring cluster similarity [46].
Afterward, the outlier data were judged and excluded. Grubbs’ test is a statistical method
used to detect a single outlier in a normal distribution dataset by comparing whether the
difference between the extreme value and the mean significantly exceeds the expected
range to determine whether it is an outlier. Grubbs eliminates outliers through iterative
processes, where each iteration can detect only one outlier. The detected outlier is then
removed from the dataset, and the next iteration begins until no further outliers are found
in the subsequent iterations [36]. More details of the outlier identification processes are
provided in the Supporting Information (Text S3).

Several coupling methods were applied through the combination of the above statisti-
cal methods and hydrochemical methods, which could help to identify outliers, from the
perspective of not only statistical analysis but also the change in hydrochemical charac-
teristics. Five coupled methods, namely, the HCA-hydrochemical method (HCA-Hydro),
the Grubbs-hydrochemical method (Grubbs-Hydro), Grubbs-HCA, Hydro-Grubbs, and
Hydro-HCA, were used. The specific processing procedure is consistent with that of
a single method.
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3.4. Comprehensive Assessment of the Anomaly Recognition Effect

After outliers were identified, the abilities of the single and coupled methods to identify
outliers were assessed on the basis of quantity statistics, inflection point plots, and box
plots. Quantity statistics refer to the number of outliers identified and eliminated through
the different methods. The inflection point method and box plot method mainly judge the
anomaly recognition performance of different methods on the basis of the continuity and
discreteness of the remaining data after anomalies are eliminated, respectively [47]. With
respect to the inflection point method, if there are inflection points in the remaining data and
there is a large amount of data after the inflection point, the poor continuity and anomaly
recognition performance of the data are indicated. In contrast, the outlier recognition effect
is favorable. In the box plot method, the dispersion is reflected by the difference between
the maximum outlier of the indicator and the 75% quartile. The larger the difference is, the
greater the dispersion in the dataset and the worse the outlier removal effect.

4. Results and Discussion
4.1. Hydrochemical Characteristics of Groundwater

The hydrochemical characteristics of the whole study area and each unit are detailed
in Table 1. The hydrochemical characteristics of Qingpu and Chongming units differed. The
concentrations of the major hydrochemical ions are listed in Table 1. Na* was the dominant
cation, with the abundance of the ions decreasing in the order of Na* > Mg?* > Ca* > K*.
Among the anions, HCO3™ had the highest concentrations, with all the major hydrochemical
ions present in the whole area. The concentrations of CI7, 50,42, HCO;5~, Na*, Mg2+, and
K* in the Chongming unit were generally higher than those in the Qingpu unit. The ion
concentrations in Chongming varied greatly, with high standard deviation (SD) values,
which indicates that the spatial distribution of groundwater is variable in terms of the
hydrochemical composition. The pH values remained stable at 7.32 £ 0.18, 7.46 & 0.22,
and 7.39 £ 0.22 for the Qingpu unit, Chongming unit, and the whole area, respectively.
The groundwater was neutral to slightly alkaline. The TDS concentration ranged from
356-8130 mg/L, and the TDS concentration in the Qingpu unit was less than that in the
Chongming unit.

Table 1. Concentrations of the major groundwater components in the hydrochemical units

in Shanghai.
Maior 1 Hydrochemical Unit
ajor Ions
] Qingpu Unit Chongming Unit Whole Area
ORP (mV) —48.92 £+ 21.75 —117.57 £ 34.73 —84.69 £ 45.13
pH 7.32£0.18 7.46 £ 0.22 7.39 £0.22
Eh (mS/m) 1199.79 + 406.02 2107.73 4+ 2396.33 1672.94 £ 1799.89
TDS (mg/L) 778.27 £+ 249.49 1576.68 £ 1629.04 1184.02 £+ 1232.46

NO3;~ (mg/L) 1.15+£1.77 0.56 + 0.98 0.85 +1.44

Cl™ (mg/L) 128.73 £ 83.65 567.54 £ 1117.55 357.41 + 833.27
SO42~ (mg/L) 86.16 = 54.49 173.79 £ 848.66 131.83 = 611.34
HCO3™ (mg/L) 568.61 £179.2 668.2 + 184.44 620.51 + 187.47

CO3%~ (mg/L) 040 8.24 +21.14 43+ 15.72

K* (mg/L) 7.29 + 5.99 21.39 4 22.9 14.64 + 18.35
Na* (mg/L) 143.23 + 59.48 420.44 + 661.68 287.69 =+ 496.27
Ca?* (mg/L) 4224 +19.13 4224 +24.11 4224 +21.71
Mg2* (mg/L) 4447 +18.92 81.97 + 84.14 64.01 + 64.54

As shown in Figures 3 and S3, the Piper plot indicated that the distribution in the
Chongming unit was generally scattered, with diverse hydrochemical types, including
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HCO3-Ca-Mg, HCO3-Mg, HCO3-Na, and Cl-Na. The cation composition of groundwa-
ter in Chongming unit showed a northern biased Ca** and Mg2* type, a central biased
Ca?*, Mg?*, and Na* mixed type, and a southern biased Na* type. This distribution pat-
tern occurred mainly because the closer the Chongming unit was to the south, the more
strongly it was affected by seawater impact, which clearly corresponded with the recharge,
runoff, drainage, and seawater erosion conditions [18]. The distribution in the Qingpu
unit was relatively concentrated, with several hydrochemical types, including HCO3-Na,
HCO3-Na-Mg, and HCO3-Cl-Na. This indicated that the Qingpu unit was less notably
affected by seawater erosion and was influenced mainly by recharge and runoff. There
are significant regional differences in the chemical composition of groundwater under
different hydrogeological and hydrodynamic conditions. Thus, the division of hydrochem-
ical units is very important in evaluating background levels. Neglecting the differences
in hydrochemical units or prescreening the entire study area as a unit may lead to many
naturally high-concentration chemical components being identified as artificial anomalies.
Once these naturally high-concentration components are eliminated, the definition of back-
ground values is misleading, and the evaluated background values do not truly reflect the
reality of the study area. In addition, by dividing hydrochemical units, data with strong
hydraulic connections and similar hydrochemical characteristics, whether due to natural
reasons or normal anthropogenic activities, can be centralized. In this way, determining
whether points outside the cluster may be affected by abnormal activity is easy.

o0

D -~
$%

8100

TDS

Chongming unit

Figure 3. Piper plot of groundwater samples in each hydrochemical unit: (a) Qingpu unit and
(b) Chongming unit. Different colors represent individual sampling.
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4.2. Identification of Hydrochemical Groundwater Component Outliers
4.2.1. Single Methods for Outlier Identification

The groundwater anomalies identified by the individual methods after the hydrochem-
ical units were divided are detailed in Table 2. The total numbers identified by the HCA,
Hydro, and Grubbs methods were 17, 16, and 7, respectively. The proportions of abnormal
data recognized by using the HCA, Grubbs, and Hydro methods for the Chongming unit
were 38.7%, 41.9%, and 16.1%, respectively. These values were 20.0%, 10.0%, and 6.7%
for the Qingpu unit. The lower percentage obtained by the statistical methods indicated
that this assessment approach cannot fully reveal groundwater anomalies. Therefore, the
Grubbs’ test method alone was not advantageous for identifying outliers in this study.
The Hydro method exhibits suitable applicability in the assessment of outliers for hydro-
chemical parameters; however, abnormal changes in pH cannot be determined [48,49]. The
HCA method can be used to effectively evaluate anomalies in the major parameters, but it
might neglect the internal connections between hydrochemical compositions and might
insufficiently consider the change in internal regularity and characteristics of water—-rock
interactions [1,50]. This might lead to uncertainty in the outlier evaluation. For example, in
the Chongming unit, at a monitoring point, the K* concentration was as high as 91.2 mg/L.
However, neither the Grubbs nor Hydro method revealed this highly abnormal moni-
toring point. Moreover, another monitoring point, at which the highest concentration of
95.5 mg/L was measured, was not identified by the Grubbs and Hydro method. This might
be due to the limited ability of the Hydro method, which overly considers the internal
connections between hydrochemical components, to recognize single major hydrochemical
parameters. However, the Grubbs method relies on the evaluation of the significance level
and has a good ability to identify values that are significantly greater than the normal
value by an order of magnitude. In the statistical analysis process, the values of abnormal
indicators (CAls) further demonstrated the contribution of individual ion indicators to
outliers. The Hydro method revealed the Na*, Ca?t, K", Mg2+, Cl~, and SO4%~ outliers in
the Chongming unit and the Ca?*, Mg?*, and SO, outliers in the Qingpu unit, revealing
the internal connection of hydrochemical parameters (Figure 4). In contrast, the PCAI
values in the HCA method were all less than 0.60, indicating that the outliers identified by
the HCA method were dispersed among different parameters and samples.

4.2.2. Coupled Methods for Outlier Identification

Although the Hydro and HCA methods had some advantages in identifying outliers
in this study, the single method still has several limitations. Thus, the statistics and
the hydrochemical method were coupled through different combinations and sequences
(Table 3).

Among these coupled approaches, the Grubbs-HCA method revealed 40 groups of
possible groundwater anomaly data, which is more than the 29 groups identified by the
Hydro-HCA method, the 23 groups identified by the HCA-Hydro method, the 18 groups
identified by the Grubbs-Hydro method, and the 18 groups identified by the Hydro-
Grubbs method. For the independent unit, the proportions of abnormal data recognized by
using Grubbs-HCA, Hydro-HCA, HCA-Hydro, Grubbs-Hydro, and Hydro-Grubbs for the
Chongming unit were 67.7%, 67.7%, 54.8%, 45.2%, and 45.2%, respectively. Similarly, the
proportions were 63.3%, 26.7%, 20.0%, 13.3%, and 13.3% for the Qingpu unit. The number
of outliers in the Chongming unit was generally greater than that in the Qingpu unit for
all the coupled methods. Notably, the number of outliers identified by coupling methods
based on HCA was generally greater than that identified by coupling methods based on
Grubbs, indicating that the coupling effect might be related to differences in statistical
methods [36]. These findings were consistent with those of the single statistical method,
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where the number of outliers identified by HCA was greater than that identified by Grubbs.
Moreover, the chemical compositions of 50,42, Ca%*, and Mg2+ (Pca1 > 0.60) were the
main groundwater anomaly indicators for the Chongming unit, whereas the chemical
compositions of Ca** and Mg?* were the main groundwater anomaly indicators for the
Qingpu unit. These results indicated that the outliers in different hydrochemical units were
different. Notably, the order in which the methods were coupled had an important influence

on the identification of groundwater anomalies, but no obvious regularity was detected.
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Figure 4. Outlier identification for groundwater by the hydrochemical method: (a) Qingpu unit and
(b) Chongming unit. The red dots represent anomaly values, while black dots denote normal samples.
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Table 2. Anomalous identification of major ions by single methods.
Single Hydrochemical Total Outlier Contribution of Anomalous Indicators (CAI)
Method Units Samples Samples K* Na* Ca2+ Mg+ HCO3~ CO32~ Cl- SO42~  TDS pH NO;~
Hvd Chongming 31 13 0.62 * 0.62 * 0.92 % 0.92 % 0.54 0.00 0.62 0.92 * 0.00 0.00 0.00
ydro umt
Qingpu 30 3 0.00 0.00 1.00*  1.00* 0.0 0.00 0.00 1.00* 0.0 0.00 0.00
Chongming
HCA anit 31 12 0.33 0.17 0.08 0.17 0.17 0.25 0.17 0.08 0.17 0.17 0.08
%Iftgpu 30 6 0.50 0.00 0.50 0.33 0.00 0.00 0.33 0.17 0.50 0.00 0.17
Chongming 31 5 0.00 0.40 0.00 0.40 0.00 0.00 0.60 0.60 * 0.40 0.00 0.20
Grubbs unit
%fi‘tgpu 30 2 0.00 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.50
* Pcar > 0.60, Pcat = Nabnormal indicators / Noutlier samples [36].
Table 3. Anomalous identification of major ions by the coupled methods.
Single Hydrochemical Total Outlier Contribution of Anomalous Indicators (CAI)
Method Units Samples  Samples g+ Nat Ca2t Mg?* HCO3;~ CO32~ Cl- SO42~  TDS pH NO;~
Chongming
Hydro-HCA onit 31 21 0.43 0.52 0.62 0.52 0.33 0.14 0.43 0.62* 0.00 0.05 0.00
I?rlfi‘tgpu 30 8 0.63* 0.25 0.13 0.25 0.00 0.00 0.25 0.13 0.13 0.00 0.13
Chongming . " "
Grubbs-Hydro it 31 14 0.36 0.50 0.64 0.79 0.43 0.00 0.57 0.79 0.14 0.00 0.07
%?tgpu 30 4 0.50 0.50 0.00 0.25 0.00 0.00 0.50 0.00 0.00 0.00 0.25
Chongming
HCA-Hydro it 31 17 0.41 0.29 0.35 0.41 0.35 0.18 0.29 0.29 0.12 0.12 0.06
%ri‘tgpu 30 6 0.50 0.00 0.50 0.33 0.00 0.00 0.33 0.17 0.50 0.00 0.17
Chongming
Hydro-Grubbs onit 31 14 0.57 0.64 * 0.86 * 0.86 * 0.50 0.00 0.57 0.86* 0.00 0.00 0.00
%Ii‘tgpu 30 4 0.00 0.00 0.75 * 0.75 * 0.00 0.00 0.00 1.00 * 0.00 0.00 0.00
Chongming
Grubbe HCA it 31 21 0.10 0.33 0.24 0.29 0.00 0.14 0.33 0.24 0.29 0.10 0.05
%?tgpu 30 19 0.16 0.37 0.05 0.26 0.00 0.00 0.05 0.47 0.11 0.00 0.32

* Pcar > 0.60, Pcar = Nabnormal indicators / Noutlier samples*
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4.3. Screening of the Optimal Outlier Identification Method

To screen the optimal outlier identification method, the comprehensive evaluation
effects of the single method and the coupled method were compared. First, on the basis
of the number of outliers eliminated (Tables 2 and 3), a preliminary evaluation revealed
that the average number of anomalies identified by the coupled method was significantly
greater than that identified by the single method, indicating the superiority of the coupled
method in terms of anomaly identification. Among these coupled methods, Grubbs-HCA
had the best ability to identify anomalies in the Qingpu unit, whereas the Hydro-HCA
could best reveal anomalies in the Chongming unit. However, judging the quality of
screening methods solely on the basis of the number of identified outliers was not enough.

The inflection point diagram and boxplot were subsequently used to further evaluate
the effects of the single and coupled methods. The inflection point chart can be used to
evaluate the continuity of the remaining data after the outliers are eliminated, while the
boxplot can be used to evaluate the discreteness and anomalies of the remaining data.
According to the inflection point graphs, the number of inflection points after the anomalies
were eliminated by the coupled methods was generally less than that after the anomalies
were eliminated by the single methods (Figures 5 and 54), suggesting that the remaining
data after identification by the coupled method were more continuous. Specifically, the
coupled Hydro-Grubbs method displays the best ability to identify outliers, revealing that
hardly any inflection point exists in the major chemical parameters for the Qingpu unit,
although this coupled method is not the best for identifying potential outliers. The coupled
Hydro-HCA method displays the best ability to identify outliers, revealing that hardly
any inflection point exists in the major chemical parameters for the Chongming unit. In
contrast, after a single method is used to eliminate anomalies, many anomalous points
remain in the remaining data, indicating that the anomalous data have not been completely
eliminated [1]. Moreover, these unresolved turning points may suggest the influence of
anthropogenic activities.
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Figure 5. Screening of the optimal outlier identification scheme for each hydrochemical unit based on
the inflection point method: (a) Ca?*, (b) C1—, () TDS in Qingpu unit; (d) CaZ*, (e) C1—, (f) TDS in
Chongming unit.

In addition to the inflection point diagram, the box plot also reveals that the cou-
pled method was more effective than the single method was in identifying outliers
(Figures 6 and S5). According to the box plot, the more concentrated the data are, the

https:/ /doi.org/10.3390 /hydrology13020071


https://doi.org/10.3390/hydrology13020071

Hydrology 2026, 13, 71

13 of 18

better the identification of outliers in the box plot, which has a smaller box size and fewer
outliers [47]. Therefore, the box plot results show that the Hydro-HCA method was the
best identification method for the Chongming unit. For the Qingpu unit, the Grubbs-HCA
method had the best box plot among all the identification methods. This might be due
to excessive removal of the data by the Grubbs-HCA method, which might lead to the
erroneous exclusion of valid data. These results can be confirmed by the inflection point
diagram. Thus, on the basis of the results of the identified outlier numbers, the inflection
point diagram, and the box plot, the coupled Hydro-HCA method was identified as the
optimal elimination approach for the Chongming unit, and the Hydro-Grubbs method was
selected as the optimal elimination approach for the Qingpu unit. These two methods were
used for the subsequent assessment of background level.
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Figure 6. Screening of the optimal outlier identification scheme for each hydrochemical unit based
on the box plot method: (a) Ca?*, (b) C1~, (c) TDS in Qingpu unit; (d) Ca?*, (e) C1~, (f) TDS in
Chongming unit.

4.4. Background Level Assessment for Major Groundwater Components

The anomalies were eliminated by the Hydro-Grubbs method for the Qingpu unit and
by the Hydro-HCA method for the Chongming unit. After that, the background levels in
groundwater for each hydrochemical unit were assessed by the cumulative frequency dis-
tribution (Figure 56). As shown in Figure S6, the remaining data were generally considered
natural groundwater data, which were not affected by abnormal anthropogenic activities.
Among these groundwater values, the range between the 5th and 95th percentiles could be
considered the groundwater background level. Similarly, the groundwater background
levels of the major chemical components in each hydrochemical unit were obtained and
are provided in Table 4. The groundwater background levels of most of the hydrochemical
parameters, such as TDS, CI-, HCO3~, K*, Ca?*, and Mg2+, in the Chongming unit were
clearly generally higher than those in the Qingpu unit. The concentrations of SO4% and
Na* in the Qingpu unit were greater than those in the Chongming unit. These differences
could be attributed to the effects of replenishment, discharge, and seawater erosion in the
Yangtze River Delta [18]. The Chongming unit was supplied by the Yangtze River and
influenced by seawater tides, resulting in high groundwater mobility and low long-term
SO42~ retention [4,51]. Moreover, the Chongming unit groundwater was in a strongly
reducing state (Eh = —117.6 mV), which was not conducive to the generation of S04%
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These factors might explain why the SO42~ content in the Chongming unit was significantly
lower than that in the Qingpu unit. The Qingpu unit is located at the front edge of the
Yangtze River Delta. In the Qingpu unit, the marine or lacustrine sediment layers in ancient
river channels are rich in sodium salts (such as rock salt or saltpeter), and the differentiation
of saltpeter increases the concentrations of sodium and sulfate in groundwater [52]. More-
over, the slow flow of groundwater makes mineral dissolution more complete. Generally,
the groundwater background levels of these two hydrochemical units were still similar,
although there were differences in several hydrochemical parameters.

Table 4. Groundwater background levels of the major chemical components in each hydrochemical unit *.

Hydrochemical Unit Index Mean Medium S.D. Lower Limit  Upper Limit
pH 7.3 7.4 0.2 7.0 7.7
TDS 730.9 685.0 202.3 449.0 1240.0
Cl- 106.2 93.0 58.3 26.6 212.0
S04% 76.8 65.5 423 7.6 146.0

Qingpu HC023‘ 8.7 8.6 2.5 458 13.5

it COs* 0 0 0 0 0
NO3~ 1.0 0.6 0.9 0.2 3.7
K* 6.0 5.6 4.1 0.8 18.7
Na* 1315 117.5 54.3 40.7 260.0
Ca?* 36.9 36.6 12.4 12.2 64.8
Mg?2* 40.1 40.2 13.7 11.4 72.8
pH 7.4 7.4 0.2 7.1 7.7
TDS 784.6 770.5 340.4 356.0 1520.0
Cl- 111.3 85.2 133.7 10.1 480.0
SO,% 10.8 7.5 9.0 2.4 26.7

Chongming HCO;5~ 10.3 11.1 3.0 47 13.9

) CO3* 0 0 0 0 0

unit NO;~ 0.4 0.4 0.1 0.2 0.5
K+ 7.6 5.7 43 2.1 15.0
Na* 114.4 89.3 87.6 14.2 248.0
Ca”* 44.9 38.6 24.5 10.9 80.4
Mg?* 442 50.3 18.5 16.6 71.0

* Lower limit represents the values of the 5th percentile, upper limit represents the values of the 95th percentile,
and medium represents the values of the 50th percentile. S.D. represents the standard deviation.

4.5. Implications and Prospects of the Outlier Identification Process for Groundwater

This work demonstrated that the use of suitable coupled hydrochemical and statistical
methods can effectively reveal anomalies in the main chemical components of groundwater
caused by anthropogenic activities for different independent groundwater units. Different
groundwater units exhibit different groundwater chemical characteristics, and when these
units are subjected to long-term anthropogenic influence, their corresponding chemical
compositions may also differ from those of other units. Moreover, some potentially affected
anomalies may also be difficult to identify, which can result in the inability to obtain strictly
defined background values. However, the application of a coupled method can identify
the impact of anthropogenic activities at a deeper level. Moreover, the main chemical
components and secondary and trace components (such as NOs™ and F~) of groundwater
may be disturbed by anthropogenic activities. Thus, the current research focusing on the
identification of the main chemical components could guide future work in the area of the
evaluation of anomalies for secondary or trace components or heavy metals. Moreover,
it can provide a basis for further analysis of groundwater pollution and the evolution of
groundwater quality.
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5. Conclusions

In this study, the apparent background levels of shallow groundwater in Shanghai
were assessed by applying multiple individual and coupled methods, manually verifying
sampling sites, and considering the changes in the groundwater chemical composition
and statistical analysis data. Based on the hydrogeological conditions and topographical
features of the aquifer in Shanghai, two typical areas were selected as independent hy-
drochemical units. The difference in hydrochemical composition between these two units
indicated that a reasonable division of evaluation units was crucial for identifying apparent
background values. In the same unit, the composition was generally similar, whereas in
different units, the hydrochemical composition was not consistent. By comparing eight
methods, the optimal method for identifying groundwater anomalies in different units was
determined. Hydro-HCA was the optimal identification method for the Chongming unit,
while Hydro-Grubbs was selected as the optimal elimination approach for the Qingpu unit.
This not only fully demonstrates the superiority of hydrochemical methods, especially
considering the internal interactions between major ions in water and rock, but also reflects
the statistical significance of data analysis.

The determined groundwater background levels of each unit could serve as a reference
for the assessment of groundwater pollution in Shanghai. The method attempted in this
study also provides reference for future background value investigation and pollution
source identification.

These results could provide a scientific basis for policy-making, such as delineating
groundwater functional zones, protecting drinking water sources, and developing pollution
prevention and control projects.
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b, Chongming unit); Figure S4: Screening of the optimal outlier identification scheme for each
hydrochemical unit based on inflection point method; Figure S5: Screening of the optimal outlier iden-
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parameters; Text S3: The outliers identification methods.
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