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Abstract: Rivers are an important source of water in humid regions, but their availability is greatly
limited by water chemistry. In order to accurately identify the changes in river water chemical compo-
sition, the compositional analysis method (CoDA) is proposed from the perspective of compositional
data analysis theory, which considers the geochemical riverine system as a whole and detects the
compositional changes of the entire watershed. The basic data analysis is carried out by traditional
analysis methods, and the results show that the hydrochemical characteristics of different sections
of the basin have significant features. The water chemistry of Dongxi River is of the HCO;™~ Ca
type. The water of the Xixi River shows a gradual evolution from the HCO3-Ca type and high SO~

content in the upper reaches to the CI-Ca type in the lower reaches. The hydrochemistry of river water
in the watershed is mainly affected by rock weathering leaching (PC1) and agricultural and domestic
pollutant discharge (PC2), with a contribution rate of 48.4% and 19.7%, respectively. Rock weathering,
mining, and agricultural pollution are the main factors affecting the chemical composition of river
water in different regions. The spatial composition of a single sample at different scales is monitored
by the Mahalanobis distance approach in an iterative manner to minimize the influence of a single
anomaly on the composition center. The results show that the main reasons for the change in river
water chemical composition along the Xixi River are attributed to mine pollution, domestic pollution,
and tea plantation and that along the Dongxi River is caused by domestic pollution. The hydrochemi-
cal composition changes after the confluence of the Xixi River and Dongxi River are mainly affected
by human activities and seawater in urban areas. This research could provide new perspectives and
methods for detecting the influences of human and natural factors on the hydrochemistry of river
water in humid regions worldwide.

Keywords: hydrochemistry; human activity; component data analysis; Mahalanobis distance; Jinjiang
watershed

1. Introduction

The water resource is the most important natural and strategic resource, which plays a
key role in maintaining the stability of the natural ecosystem and developing the economy
of human society [1]. As one of the main components of freshwater resources, surface
water is favored because it is easy to obtain and utilize. However, surface water is also the
most vulnerable to be influenced by external factors [2—4]. With the rapid development
of the economy, the quality and quantity of surface water were greatly affected because
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water resource was in huge demand, and domestic sewage and industrial effluent were
discharged into the surface water without meeting the discharge requirements [1,5,6].
Hence, it is of immense significance to study the surface water of the basin in depth for
better protection and utilization of surface water resources, and it is also beneficial to
alleviate the contradiction of water resource shortage [7-9].

Surface water formation is the result of the interaction between the development
of rivers and the environment, and it will be affected by groundwater recharge, rock
weathering, atmospheric precipitation, human activities, and other effects [4,10]. In most
cases around the world, groundwater is one of the main recharge sources for surface water.
In mountainous areas, groundwater feeds into surface water in the form of springs or
underground rivers, and the mixing of surface water and groundwater will affect the
hydrogeochemical composition of surface water [11-13]. Along with the runoff process,
the river will exchange materials with the surrounding land, and different types of land use
will also affect the materials exchanged with the surface water [14,15]. In recent years, the
global temperature change caused by drastic climate change has also directly affected the
precipitation recharge and evaporation of surface water [4,16-18]. In addition, in coastal
areas, seawater backflow can also alter river hydrochemistry [19].

In addition to natural factors, human activity is also an important part, which affects
the physical and hydrochemical properties of surface water [20]. Around the world, rivers
are disturbed by human activities to varying degrees [21]. For example, the development
of mines may introduce some unique elements into the river [22]. The discharge of un-
treated sewage can cause the water quality of rivers to decline [23]. Fertilizers applied in
agriculture can also find their way into rivers [24]. Human activities have changed the
composition of rivers and posed a great threat to surface water resources. Because the phys-
ical and hydrochemical properties of the surface water in the basin are the comprehensive
embodiment of the hydrological environment conditions and human activities, it contains
abundant hydrogeological information.

The analysis of hydrogeochemical characteristics is the basis of studying hydrochem-
ical composition and water quality evolution [25,26]. In order to interpret the abundant
information in surface water, scholars have been exploring the hydrochemical characteris-
tics of rivers. On the basis of a large number of practical cases, Gibbs summarized three
mechanisms controlling surface hydrochemistry, atmospheric precipitation, rock weath-
ering, and evaporation, respectively, which have been widely used by later generations.
The Piper diagram is used to determine the type of hydrochemistry, etc. Some multivariate
statistical methods such as hierarchical cluster analysis (HCA) and principal component
analysis (PCA) are also used in the analysis of the hydrochemistry [27,28]. However, these
river hydrochemistry analyses mainly focus on the statistics and spatial distribution of
the main components in the water body, which cannot be comprehensively analyzed as a
whole. And they are easy to be affected by component anomalies that are caused by some
accidental factors during sampling, thus obtaining some unreliable or wrong conclusions.

In order to eliminate these effects, component data analysis (CoDA) is used to solve the
problem. The component data analysis method considers the properties of the component
data, combined with the Mahalanobis distance [29]. It considers each hydrochemical compo-
nent as a whole and obtains the overall characteristics of the multi-component system [30].
Based on component data analysis, the variation characteristics of basin hydrochemistry
can be comprehensively evaluated, and the interference of individual regional anomalies
can be identified, which has guiding significance for monitoring potential pollution events
and local climate-induced changes at the basin scale.

The Jinjiang river, located in the southwest of China’s Fujian Province, serves as a
major source for local water demand. With the rapid development of urbanization and
economy in southwest Fujian, the hydrochemical components of Jinjiang watershed have
changed significantly under the combined influence of climate change and human-made
pollution [31]. In recent years, scholars have mainly conducted in-depth studies on typical
pollutants in the water bodies of Jinjiang watershed, such as nitrogen and phosphorus,
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organics, and heavy metals. However, the existing hydrochemical analysis is mostly
focused on the small watersheds in the downstream urban area, and the hydrochemical
components covering the whole Jinjiang watershed have not been comprehensively and
systematically analyzed.

This paper in view of the river water hydrochemical characteristics of the Jinjiang
watershed, which are strongly influenced by human activities, based on the CoDA method,
systematically collected and tested the water samples of the upper and lower reaches
and tributaries of Jinjiang watershed. The specific aims are to (1) consider the obtained
hydrochemical component data as a whole and analyze the hydrochemical components of
the whole basin by using biplot and Mahalanobis distance calculations, based on the CoDA
method; (2) identify the composition change and variation rules of hydrochemical compo-
nents in Jinjiang watershed; (3) explain the influence and contribution of natural conditions
and human factors on river hydrochemical components; and (4) provide suggestions for
the utilization and protection of water resources in Jinjiang watershed.

2. Study Area

Jinjiang is located in the southeast part of the Fujian province, southeastern China.
The Jinjiang watershed is defined within the latitude range of 24°45’ N to 25°35' N and the
longitude range of 117°40’ E to 118°42' E, with an approximate total area of 5606 km?. It
flows from northeast to southeast with a total length of 404.8 km and runs through Yong
Chun County, Anxi County, Nan’an City, Licheng District, and Jinjiang City. This watershed
is covered by mountains and hills for 81.4% of the whole area. The plain topography only
accounts for approximately 18.6% of the watershed and is distributed in the coastal area
in the southeast, which has the largest city—]Jinjiang, the most densely populated area
in the watershed. This watershed is featured by the typical summer monsoon climate
with an average annual rainfall of 1686 mm. But the rainfall presents significant uneven
characteristics temporally, with 71.2% occurring from April to September [32].

The Jinjiang watershed includes two major tributaries, namely, Dongxi (West Creek)
and Xixi (East Creek). In more detail, it can be divided into five sections, based on the
water catchments of the tributaries, which are Xixi tributaries, Xixi mainstream, Dongxi
tributaries, Dongxi main stem, and the lower course of Jinjiang, respectively (Figure 1).
Dongxi (West Creek) and Xixi (East Creek) are located in the middle-upper area of the
watershed. These two tributaries cover an area of 1917 km? and 3101 km?, respectively.
Dongxi and Xixi originate from the snowy mountains of Chengxiang in Yongchun and
Tiziling, Taozhou in Anxi. Dongxi and Xixi converge at Shuangxi in Nan’an City and
finally merge into Quanzhou Bay at Qianpu. The Shanmei Reservoir built in Dongxi is
the only water conservancy hub in Jinjiang watershed [33]. The average discharge of the
main branch is 5.12 billion m3 per year, which peaks in the mountainous areas in the upper
course and then falls gradually as it flows downstream through lower coastal plains [34].
In contrast, the population distribution and economic development are gradually stronger
as the river flows downstream [35].

The strata exposed in Jinjiang watershed are mainly Triassic, Jurassic, and Quaternary,
among which the volcanic rocks of the Upper Jurassic Nangyuan Formation are the most
widely distributed, and the lithology is mainly tuff. Among the igneous rocks, late Jurassic
volcanic rocks and Yanshan-age intrusive rocks are widely exposed. The chemical composi-
tion of the exposed strata shows homogeneity [35,36], all of which are dominated by silicate
rocks, but the strata contain a variety of metallic and non-metallic ores, such as kaolinite,
molybdenum, tungsten, iron, manganese, copper, and zinc, making a wide range of types
of mines within Jinjiang watershed. With the rapid development of regional industry and
agriculture in recent years, a large number of pollutants (nitrogen and phosphorus nutrient
use, iron and manganese mining, etc.) have entered the river, making the quality of the
water environment in the basin gradually deteriorate [37-39].
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Figure 1. Location of the study area and the river water sampling sites.

Groundwater in Jinjiang watershed is mainly distributed in aquifers of unconsolidated
rock pores, weathered eluvial pores and fractures, and bedrock fissures. The porous water
in loose rock formations is mainly distributed in the terraces on both sides of the valley,
the alluvial fans in front of the mountains, and the marine sedimentary formations in
the coastal estuary areas, mainly composed of fine sand, coarse sand, and gravel, with
a thickness of about 5-20 m and a specific yield of less than 100 m®/d-m. In some areas
near the river, the groundwater receives water supply from the river, and the specific
yield can exceed 100 m®/d-m [40]. Weathered fissures are mainly distributed at the foot of
tablelands and piedmont slopes, with the aquifer composed of clastic rock and conglom-
erate generally having a thickness of 10-20 m and a relatively low water volume, with
a specific yield of 10 m®/d-m. Bedrock fissure water is distributed in the fractures and
faults of mountainous bedrocks, with the water yield controlled by structural faults. Its
water content is extremely uneven, with an overall low water volume and a specific yield
of about 10 m3/d-m. Groundwater recharge mainly comes from the vertical infiltration of
atmospheric precipitation and the lateral infiltration of rivers during the rainy season.

3. Data and Methods
3.1. Sample Collecting and Analytic Testing

Based on data from the Shuttle Radar Topography Mission (SRTM), the basin is divided
into 60 drainage areas by using the ArcGIS hydrologic toolset, and at every confluence, we
set a sampling spot, which adds up to cover the whole basin.

Water samples were collected from 5 to 20 June 2020 (rainy season). The sampling sites
were distributed throughout Jinjiang watershed along the Jinjiang river and its tributaries
(Figure 1). The water samples were collected the sample water from 150 cm deep in the
middle of the stream to get rid of floating suspended pollutants as much as possible.

Water samples were collected in 2.5 L clean high-density polyethylene bottles that had
been thoroughly prerinsed with the water to be sampled. The bottles used for trace element
determination were acidified with nitric acid to pH < 2. All samples were stored in potable
incubators at the temperature of 4 °C and transported to the Laboratory of Groundwater
Sciences and Engineering of the Institute of Hydrogeology and Environmental Geology,
Chinese Academy of Geological Sciences for hydrochemical analysis.
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Water quality parameters such as total dissolved solids (TDS) and pH were measured
and recorded on-site using a MANTA+30 multiparameter instrument (EUREKA, Austin,
TX, USA). Major cations (Ca?*, Mg2+, Na*, K*) as well as some trace elements and ions (Fe,
Mn, Zn, Pb) were determined using a full-spectrum plasma generation spectrometer (ICAP-
6300, Tokyo, Japan) with a detection limit of 1 ug/L. SO4%~, Cl~ were measured using ion
chromatography (Shimadzu LC-10ADvp, Tokyo, Japan). HCO3~ was measured by titration
with hydrochloric acid [28]. Total phosphorus and total nitrogen were determined using
potassium persulfate oxidation and UV spectrophotometer (UV 2450, Shimadzu, Kyoto,
Japan) [41,42]. The consistency and accuracy of the analyzed results had been checked
for quality assurance. Triplicate analyses were conducted for each sample to ensure the
consistency of analyzed parameters. The accuracy of hydrochemical analysis for each
sample was checked using the ionic charge balance error percentage (%CBE), which can be
determined by Formula (1). The results showed that the recovery ratio was within +10%,
and the %CBE values were less than £5% for all samples, implying that the analytical
accuracy was reasonably good [43].

%CBE = (an e/ — an ce;)/(zjm ce;r - ij ce]f) 1)

where ce" and ce; are the charge concentration of a specific cation and anion, respectively,
in milliequivalents per lit.

3.2. Component Data Analysis Methods
3.2.1. Log-Ratio Transformation and Biplot

The compositional data are influenced by constant row sum, leading to a “closure
effect”, causing null-correlation contained in the correlation structure of the data [44]. The
multivariate statistical methods cannot be applied to the compositional data [45], and
we have to transform the compositional data into a real number space [46]. Currently,
the centered log-ratio transformation (CLR) [5] and isometric log-ratio transformation
(ILR) [47] are commonly used. The formulas of CLR and ILR are as follows:

CLR(x) = (ln g?b) 2

i D
D—i PV X
ILR(x) = | 5 —In - @3)
1

As shown in the formula, i represents the number of sample sites, g(x) represents the ge-
ometric mean of the concentration of elements at each sample site, i.e., g(x) = {/x1-x2 - xp;
among which, x; represents the concentration of elements. D refers to dimensions, here it
represents the number of variables.

We carried out robust principal component analysis (RPCA) on the transformed data
to obtain the loadings and scores. Then we displayed them on the biplot in the form of a
2d multi-dimensional scatterplot [48,49]. The point coordination displays the scores of the
principal components for two samples, and the distances between points approximate the
correlation of two samples, meaning that the closer they are, the stronger the correlation.
The vector length is proportional to the total variance of the variables, representing the
component loading [50]. The projection length of the vector on the corresponding axis
is the amount of variance described by each component variable captured by the corre-
sponding principal component, i.e., characterizing the contribution of that component to
the corresponding principal component of the axis, as shown in Figure 2. The vector length
approximates the standard deviation of a column index. The cos(x) represents the correla-
tion between indexes. The projection of the sample point to the vector represents the value
of the index at that point. Sample point spacing indicates the correlation between samples.
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Figure 2. Description of the biplot. The point approximation represents the sample information
(row information) of the transformed data matrix and the vectors approximation represent the
metric information (column information) of the transformed data matrix. (1) The length of the
vector approximates the standard deviation of a column of indicators. (2) The cos(x) represents
the correlation between indexes. (3) The projection of a sample point onto a vector represents the
value of the indices in that point. (4) The distances between points approximate the correlation of
two samples.

3.2.2. Mahalanobis Distance

The Mahalanobis distance (MD) is a measure of the distance between points and
centroid, which considers the multivariate covariance [51]. MD is usually used to identify
outliers for multivariate data [52,53], and sometimes, it can also be used for the deter-
mination of representativity of data extracted from a larger population of samples [54].
When there are changes in the chemical composition of water in the river which are caused
by inflows of tributaries with large differences in components and pollutants, it will be
reflected as an increase in MD. The formula of MD is as follows:

D? = (x; = %)S ' (x; — %)’ @)

where, D? is MD, x; is one of the indicators of the samples, which in this paper represents
the element concentration; X is the average of the indicator, which represents the average
value of the ion in the water’s chemical composition; S~ is the inverse matrix of the
covariance matrix. By using log-ratio transformation, the data will be transformed from
simplex space into real number space before MD can be calculated. This paper aims to
show the anomaly between samples through the MD of the sample composition.

This paper uses R-package robCompositions to carry out CLR and ILR and uses the
R-package FactoMineR, Factoextra to analyze the composition and draw the biplot [55].
The indicators with a detection rate lower than 40% were not involved in the analysis.
Finally, the 12 indicators were chosen for analysis: Na* + K, Ca?t, Mg2+, S042~,HCO; ™,
Cl~, Fe, Mn, Zn, Pb, TN, and TP; among which, those below the limit of detection (LoD)
were replaced by 2/3 of the LoD. Based on the current land use type and the test results,
13 samples with little interference from human activities are selected (i.e., the samples
that have the closest composition to their natural state, sample numbers: 02, 15, 16, 17,
18,19, 20, 21, 22, 23, 24, 41, and 46) as the “original composition” and then calculate their
composition center and the covariance matrix. MD is then calculated using the 60 water
samples and the center of “original composition” and the analysis continues to examine
the composition variations of the samples with the “original composition”. After this,
starting from the “original composition”, every sample site of the main stem is added from
upstream to downstream iteratively. The chemical composition centers of Xixi mainstream
and Dongxi mainstream and the MD between every sample and the two composition
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centers are calculated. Finally, two clustered line charts with MD data of Xixi mainstream
and Dongxi mainstream are drawn. The clustered line charts that use the results of iterative
calculation of MD can minimize the influence of individual outliers on the whole trend.
Except the advantage of visualizing the overall trends, the clustered line charts can also
help identify the anomalies in the water’s chemical composition.

4. Results and Discussion
4.1. Physicochemical Characteristics of River Water

Due to the significant differences in the natural environment and production and
living conditions between the two main tributaries of Dongxi and Xixi, as well as the
three downstream areas of Jinjiang, the differences in the characteristics of their respective
tributaries and main streams are not significant. Therefore, in order to highlight the overall
physical and chemical characteristics of the three areas, the sample data from the tributaries
and main streams of Dongxi and Xixi will be combined and analyzed here.

The ranges of chemical compositions of cross-sectional water in Jinjiang watershed
are statistically given in Table 1 and Figure 3. (It should be noted that the sample at Point
60, which are affected by seawater, show significant numerical differences from the other
points and is not included in the statistical analysis in Table 1). The pH of river water
ranges from 7.45 to 9.58, with an average value of 7.87, showing a weak alkalinity. The pH
values of the Dongxi watershed are relatively higher than Xixi watershed and lower reaches.
The variation range of TDS is 26.97~150.20 mg/L, and the average value is 78.74 mg/L.
The downstream of the Jinjiang watershed, affected by seawater near the mouth of the
sea, has the highest TDS. The cations in Jinjiang watershed are mainly made up of Ca%*
and Na*. For Dongxi and Xixi, the CaZ* is the main cation. The Na™ in lower reaches is
obviously higher than the other two regions. The anions in Jinjiang watershed are mainly
made up of HCO;~ and SO,2~. For water bodies containing metal minerals such as Fe,
Mn, Zn, and Pb, the order from highest to lowest content is Xixi watershed, lower reaches,
and Dongxi watershed, respectively. Total nitrogen (TN) and total phosphorus (TP) in the
Dongxi watershed are slightly higher than that in the Xixi watershed. The TN and TP are
shown in the middle of the others after flowing downstream. The variation coefficients of
Ca?" and K* are relatively small, and their contents are mainly controlled by the water-
rock action. The variation coefficients of Zn and Pb are greater than 1 (strong variation),
showing high volatility and dispersion at different points, which may be influenced by
both environmental changes in groundwater and anthropogenic pollution.

Table 1. Descriptive statistics of river water chemical index in Jinjiang watershed (unit: mg/L).

Location Parameter pH TDS K* Na* Ca?* Mg* SO~ HCO;- ClI- Pb Fe Mn Zn TN TP
Min 7.45 26.97 1.69 1.38 1.62 0.21 2.37 11.87 1.04 0.00 0.01 0.00 0.00 0.58 0.03

. Max 9.58 115.80 5.85 11.88 17.77 3.23 13.67 74.20 12.14 0.01 1.29 0.45 0.17 5.87 0.58
oongxt Mean 796 7874 382 65 1087 167 794 4125 585 000 046 013 002 243 019
SD 0.52 22.96 0.99 271 4.04 0.74 2.79 17.08 2.76 0.00 0.34 0.09 0.03 1.21 0.11
CV/% 6.57 29.16  26.01 4151 37.19  44.06 35.14 41.42 47.20 16043 7295  69.60 188.20 49.79  59.69

Min 7.58 47.66 2.35 247 457 0.49 3.80 0.59 1.73 0.00 047 0.06 0.01 0.22 0.02

o Max 8.65 122.60 4.30 19.37 2217 6.35 51.47 53.42 9.01 0.01 1.44 1.11 0.21 3.59 0.51
e Mean 776 7859 302 565 1153 184 1687 2561 397 001 071 026 004 181 024
SD 0.22 20.12 0.53 3.55 4.00 1.58 12.81 13.95 191 0.00 0.21 0.22 0.05 0.91 0.15
CV/% 2.88 25.60 1752 6281 34.67 86.12 7591 54.46 48.20 7529 3023 8337 116.03 50.15 63.62

Min 7.48 81.92 4.07 6.68 11.57 1.77 11.56 36.21 6.24 0.00 0.39 0.15 0.01 1.09 0.06

Max 7.85 150.20 5.82 23.05 17.40 3.84 16.48 59.36 33.63 0.01 1.23 0.35 0.05 3.28 0.50

ower Mean 761 11622 493 1472 1388 259 1335 4690 1950 000 077 024 003 223 023
SD 0.17 36.22 0.81 9.22 2.72 0.96 2.24 9.58 14.40 0.01 0.35 0.09 0.02 0.90 0.19
CV/% 217 3116 1649 62.64 1959 3691 16.82 20.44 73.85 200.00 4535 3693 69.28 4046 84.99
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Figure 3. Box plots of river water chemical index in Jinjiang watershed (unit: mg/L). In each plot,
the left box represents the Dongxi watershed, the middle box represents the Xixi watershed, and the
right box represents the lower reaches.

The Piper trilinear diagram can reflect the composition of ions in water bodies [56]. As
shown in Figure 4, the cations are mainly Ca?* and Na*. In the anion triangles, the Dongxi
watershed is dominated by HCO3;~, while the composition of the Xixi watershed is mainly
made up of SO4%~. The water chemistry in the Dongxi basin is all HCO3-Ca type. The
water chemistry in the Xixi basin is HCO3-Ca type with high SO4%~ content in the upper
reaches of the basin, and the water chemistry type gradually changes to Cl-Ca type in the
lower reaches of Bailai Township. The estuary of Jinjiang watershed, due to the influence
of seawater, has a relatively higher proportion of Cl-Na type of water chemistry.

4.2. Evolution of Water Chemical Component Characteristics and Controlling Factors

Hydrochemical components are influenced by both natural factors and human activi-
ties. The Gibbs diagram [57] is a way to ensure the dominant natural factors influencing the
local hydrochemical components. For study areas, most water samples have a TDS value
of around 100 mg/L. So, in Figure S1, the water samples gather in the rock dominance of
the Gibbs diagrams. It indicates that hydrochemical components are dominantly governed
by rock-water interaction in nature. For the end-member diagram (Figure S2), the samples
are located in the silicate-controlling district, which shows that silicate rock weathering has
a huge influence [58].

Robust principal component analysis (RPCA) is performed on the CLR-transformed
component matrix to obtain component scores and loadings. By using these data, the biplot
of compositions analysis and distribution map of the contribution rate of each variable
were made (Figures 5 and 6). The first two principal components explain 68.1% of the total
variance, with 48.4% by principal component 1 (PC1) and 19.7% by principal component
2 (PC2). The line of SO42~ is the longest, followed by TP, CaZt, Mg2+, Nat* + K*, TN, Fe,
Cl7, and Zn. Among them, Na* + K*, CaZ*, Mg2+, and heavy metal ions, such as Fe,
Mn, Zn, and Pb, have a longer projection on the horizontal axis with conventional ions
and have a relatively high contribution to PC1. Considering that the upstream of Jinjiang
watershed is rich in iron, manganese, zinc, and lead metal mines, and silicate rocks are
mainly weathered by the surface water of Jinjiang watershed [59,60], the PC1 is believed to
reflect the influence of rock weathering and leaching release from metal minerals mining on
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the chemical composition of the water. The projections of TN, S042~, and TP on the vertical
axis are long and its contribution to PC2 is relatively high. These projections are associated
with human activities. Therefore, PC2 mainly explains the influence of agricultural and
domestic pollutant discharges on the chemical composition of the water body.

O Dongxi Watershed
A Xixi Watershed

Figure 4. Piper trilinear diagram demonstrating the hydrochemical composition of river water in
Jinjiang watershed.
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Figure 5. The biplot of all sampled river waters in Jinjiang watershed. The numbers in the figure

represent the sample numbers.
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Figure 6. The distribution map of the contribution rate of each hydrochemical index for river water
in Jinjiang watershed.
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To highlight the trend of data concentration, the samples in different parts are indicated
by different colors, and the confidence ellipse with a 99.7% confidence level is constructed by
the sample distribution and corresponds to the sampling points by color. The distribution
of samples shows that there are obvious differences in the characteristic components in
different areas. TP, TN, and Cl~ are characteristic components in the Dongxi watershed,
indicating that the chemical composition variation in Dongxi is mainly influenced by
the residents and their agricultural production, especially the overdevelopment of the
upstream basin of Shanmei reservoir is a direct contributor to nitrogen, phosphorus, and
organochlorine pesticides [61,62]. The characteristic components in the Xixi watershed are
Fe, Mn, Zn, Pb, etc., which is mainly due to the distribution of minerals containing related
elements. A large number of metal mines are distributed from Yidu town in upstream
Yongchun County to Jiandou town in the middle reaches of Xixi and the urban area of Anxi
County [63], and these mines are the main sources of Fe, Mn, Zn, and Pb in the river. The
water samples downstream of Jinjiang watershed are influenced by the complex human
activities in the area with the mixed influence of the confluence components of the East
and West Creeks. There is a large variability in components, and the main characteristic
components are Ca?Z, Mg2+, Na* + K*, TN, and HCO5; ™.

4.3. Identification of the Water Chemical Composition Change

In Figure 7, the results of the calculation of MD between the basin-wide hydrochemical
composition data and the “original composition” are displayed. It reveals that the MD
values among the “original composition” samples are quite small, ranging from 2.64 to
3.32. This suggests that the selected original samples exhibit a similar combination of
chemical composition. The variation in MD in the Xixi basin ranges from 3.32 to 23.5,
indicating relatively minor differences in hydrochemical composition during the rainy
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season. However, in the Dongxi watershed, except for the samples from the Shanmei
reservoir, the MD ranges from 2.64 to 47 4, indicating a significant variation in composition
during the rainy season. Prior to the convergence of the East and West Creeks, the MD
values between sample 35 of the Dongxi (before its confluence with Xixi) and sample 36 of
the Xixi, as well as the “original composition”, are all low, which shows little difference in
composition. Following the confluence of Dongxi and Xixi, the MD rapidly increased from
3.55 (sample No. 37) to 19.96 (sample No. 39), eventually reaching 86.06 at the estuary. This
sharp increase demonstrates a dramatic change in composition, which may be influenced
by combined factors of human activities in the downstream city of Quanzhou along Jinjiang
and the mixing of seawater where the river meets the sea.

In the Xixi watershed, the Houjing village in Jiandou town, which falls within this
sub-basin, is home to a concentration of both coal mines and limestone mines. As the
mainstream passes through this area, the mining activities have led to an increase in MD
at sampling point 42. Additionally, the concentrations of Ca*, Mg?*, and SO4?~ in the
water composition have also increased. When the tributaries of Shuangxi and Qiyangxi
flow into this area, MD at sampling point 44 has consistently remained high. This can be
attributed primarily to the presence of numerous sulfur iron ore and coal mines distributed
within the watersheds of Shuangxi Creek and Qiyangxi Creek. Additionally, the extensive
tea planting in the area contributes to elevated levels of TN, Mn, and Zn in the water.
Sampling point 43 represents the composition of Shuangxi Creek and Qiyang Creek. At
the confluence of the two tributaries, it is observed that the levels of TN, Mn, and Zn in its
composition increase, and its MD continuously fluctuates. The elevated MD at sampling
point 50 is attributed to the abnormal increase in TN and TP levels. This phenomenon
can be attributed to the sampling site’s location in downtown Shangqing town, where it is
subject to the impact of domestic sewage from the town. Similarly, sampling point 59 in the
downtown city of Nan’an also had an increase in MD due to the increase in the level of TP
and TN caused by the influence of domestic sewage.

o
o han®
& Yongchun' waish®
05 6610 O 33 . g €23

Legend
Mahalanobis Distance
e 264—-6.09
0 6.09-1193
O 11.93 —25.48
25.48 —47.40
@ 47.40 - 86.06

Metal and Coal Mining Cluster Areas 0 5 10 20

Figure 7. The Mahalanobis distance map of sampled river water in Jinjiang watershed. The numbers
in the figure represent the sample numbers.
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The same pattern is found in the Dongxi watershed. The elevated MD at sampling
point 5 of the mainstream is caused by the confluence of tributaries at sampling point
3, which has different compositions. The elevated MD at sampling point 12 reflects the
interference of human activities in Yongchun County with the chemical composition of
the river water. The abnormally high values of MD at sampling points 27, 28, and 29 of
Shanmei reservoir are mainly due to the large difference between the chemical composition
of reservoir water and that of the river water [64]. This proportional difference, an increase
when represented in MD, is not due to pollution. Then the decrease in MD at sampling
point 31 is because of the recovery of the river’s chemical composition. As observed, the
MD of the east-west confluence initially exhibits a minor change, but it experiences a
significant increase when flowing downstream. This indicates that the human activities and
seawater disturbance in the downstream area of Jinjiang watershed results in a substantial
alteration in the composition’s proportion.

Water samples of the mainstream were added one by one from upstream to down-
stream, and the centers of components for the mainstreams of Xixi and Dongxi, respectively,
were iteratively calculated. The MD from that center at each sampling point was also
determined. Using these results, clustered line charts of MD for the mainstem of Dongxi
and Xixi were drawn (Figure 7). The mean polyline (black polyline in Figure 8) shows
that both Dongxi and Xixi watersheds exhibit a smooth MD for the upstream sample
components, indicating that there is less variation among the upstream sample components.
The gradual decrease in the middle stream MD shows a trend of gradually decreasing
component differences, which indicates that human activities have not yet had a serious
impact on the river’s chemical composition. In the downstream area of Jinjiang watershed,
where human activities are carried out frequently, the MD increases rapidly, reflecting
the dramatic changes in the chemical composition caused by the combined disturbance
of complex human activities and seawater. The overall covariance structure of the data
and the component centers are changing with the continuous addition of samples from
the mainstream.

As shown in Figure 8, the clustered line charts of MD in the basin are used to intuitively
exhibit the variation in MD along the runoff. In the figure, each polyline is the sample
Mahalanobis distance calculated from a single iteration. To highlight the trend produced by
the iterations, the color of the polyline in the figure becomes lighter as subsequent sample
data are added, where the black polyline is the average of the Mahalanobis distance of the
polyline cluster. The horizontal coordinate is the sample number from the upstream to the
downstream mainstem.

It can be seen in the clustered line charts of MD in the mainstream of Xixi (Figure 8a)
that the variation trend of MD at different places in the mainstream of Xixi shows different
or even opposite results. According to the trend of variation of MD, the Xixi is divided
from sample point 48 into two areas. The area (I) in the upper reaches mainly represents
that the area is little affected by human activities and its chemical composition is close
to the “original composition”. With the iterative addition of the water chemistry of the
mainstream samples, the component centers of the area (I) are gradually moving away
from the “original composition”. This change results in the different degrees of increase in
MD of all samples in the upstream area (I). The area (II) below sample point 48 is greatly
affected by human activities. With the iterative addition to the hydrochemical composition
of the mainstream samples, the component centers are getting closer to the “non-original
composition”, resulting in a gradual decrease in MD of the sample composition in the
area (II). The rapid increase in component variation in the downstream area of Jinjiang
watershed, where the tributaries converge, is reflected in the rapid increase in MD due to
the interference of various factors.
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Figure 8. The result of iterative calculation of Mahalanobis distance for the river water of (a) Xixi
River and (b) Dongxi River. Each line represents the Mahalanobis distance of a single iteration
calculation. As more sample data is added, the color of the lines in the graph becomes lighter. The
black line represents the average Mahalanobis distance of the cluster of lines. The horizontal axis
represents the sample number from upstream to downstream. According to different trends, different
sub-regions are divided by black vertical lines. The red dashed line represents the boundary between
Xixi (Dongxi) and the lower reaches of the main stream and (I), (II), (II), (IV), (0) represent the area
numbers of different trends and.

The situation of the mainstream of Dongxi is more complex (Figure 8b), and it can be
classified into four distinct areas delineated by sampling points 12, 26, and 28. Area (I) is
less disturbed by humans and has a chemical composition that is closer to the “original
composition”. MD values of samples located in this area will continue to increase with
the addition of downstream data, indicating that the river’s chemical compositions are
constantly being influenced by various integrated factors and therefore move away from
the component center. The sampling points 13 and 14 belong to the area (II) and are
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located within Yongchun County. With the addition of the data, the MD of sample 13 is
showing a downward trend, while the MD of sample 14 is increasing. This is mainly
because the urban area of Yongchun County is the most densely populated region in the
northern mountainous area, and the component changes are generated by the inflow of
industrial and domestic pollutants. MD of area (III) is at a high level, which reflects the
large difference in chemical composition among the reservoir, lake water, and river water.

The (0) region in Figure 8a,b shows the variational tendency of Mahalanobis distance in
lower reaches. It can be seen in both figures that the overall trend of Mahalanobis distance
in the region (0) increases sharply, and the single-point Mahalanobis distance decreases with
the addition of downstream data. Due to the fact of more interference from human activities,
there are sharp differences between the compositions of each water sample, resulting in a
sharp increase in Mahalanobis distance. At the same time, since the addition of various
downstream data, the composition center deviates from the “original composition” to the
downstream composition, so it also shows a decrease in the Mahalanobis distance for a
single point in the lower reaches.

5. Conclusions

The compositional data analysis method (CoDA) was proposed from the perspective
of compositional data analysis theory, considering the geochemical riverine system as a
whole to detect changes in the composition of the entire watershed. A total of 60 water
samples were collected and analyzed using traditional analytical methods. Based on this,
further analysis of the transformed water chemistry composition data was carried out using
RPCA, biplot, and Mahalanobis distance, leading to the following conclusions:

(1) The characteristic components of water bodies in Jinjiang watershed show obvi-
ous variability and complex evolutionary characteristics from upstream to downstream.
Influenced by the weathering of silicate rocks, the water chemical composition of Jinjiang
is mainly composed of Ca?* and Na™ cations. The anion of East River is mainly made up
of HCO3™, and the water chemistry is of HCO3-Ca type. The anions of the West Stream
are dominated by SO4%~, and the water chemistry of the upper and middle streams is of
HCOj3-Ca type with high SO42~. The water chemistry type gradually changes to Cl-Ca
type in the lower reaches of Bailai Township. The estuary of Jinjiang, due to the influence
of seawater, has a relatively higher proportion of Cl-Na type of water chemistry.

(2) The CoDA method served as a valuable tool for identifying and explaining anoma-
lies in the hydrochemistry components within the basin. By comparing the MD value with
the central “original component” of Jinjiang, it accurately identifies areas in the basin with
outlier water chemistry compositions. The results obtained from RPCA analysis reveal that
rock weathering, mining, and agricultural pollution are the primary factors that influence
the hydrochemistry components. It is remarkable that the elements such as Fe, Mn, Zn, and
Pb originating from mining activities become the distinctive components in the Xixi River
basin. The Dongxi River, on the other hand, exhibits characteristic components including
TP, TN, and Cl17, indicating the influence of domestic and agricultural pollution.

This paper reveals the spatial variability in surface water in hydrochemical terms
in Jinjiang watershed and discusses its underlying controlling factors. The findings can
be utilized as a reference for investigating the hydrochemical spatial differences in other
river basins.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16010045/s1, Figure S1: Gibbs Map of all samples in Jinjiang River
Basin, Figure S2: End-member diagram of all samples in Jinjiang River Basin.
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