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Abstract: This study collected 31 water samples from the Tongzi River, Guizhou Province, South-
west China to conduct a risk assessment to understand the hydrochemical characteristics and major
ion sources of irrigation and drinking water quality and their effects on human health. The results
showed that ion abundance in the Tongzi River is Ca? (66%) > Mg?* (24%) > K*+Na* (10%) for cations
and HCOs™ (75%) > SO£7(21%) > CI- (4%) for anions. Additionally, the hydrochemical type of the
water is Ca-Mg-HCOs, controlled by carbonate weathering. Methods including ion ratios, principal
component analysis (PCA), and correlation analysis (CA) were used to analyze the source of main
ions in the river water. PC1, with the most significant variance (54.9%), decides the hydrochemical
characteristics and is affected by the positive loadings of SO+>-(0.92), pH (0.85), Ca?* (0.80), Cl- (0.72),
Na*(0.66), NOs~ (0.65), and K* (0.57). PC2 explains 19.2% of the total variance, with strong positive
loadings of Na* (0.75), K* (0.63) and Cl- (0.59). Mg?* (0.84) and HCOs~ (0.85) exhibits high loadings
in PC3, explaining 9.3% of the variance. The results showed that intensive agricultural activities in
the basin were the main source of nitrate NOs~, whereas SOs>* was mainly derived from mining
activities. The lower concentrations of Na*, K*, and Cl- were from coal combustion, domestic
wastewater discharge, and agricultural fertilizer applications. The study area was mainly affected
by carbonate rock weathering; natural processes (mainly the weathering of carbonate rocks) were
still the main origin of Ca?, Mg?, and HCOs". Moreover, the United States Salinity Laboratory
(USSL) diagram and the Wilcox diagram showed that 100% of the samples fell in the C2S1 zones,
and the water quality had good suitability for irrigation. The health risk assessment (HRA) results

showed that HQno,” was much larger than HQnw," and indicated that nitrate pollution dominated

non-health hazards. About 6.5% of the samples in the tributaries represented an unacceptable risk
for infants and children, and the HQ value for infants and children was always higher than that for
adults. Additionally, the non-carcinogenic health risk of riverine ions for infants and children in the
Tongzi River was very noteworthy, especially in the tributaries.

Keywords: hydrochemical characteristics; major ion sources; agricultural activities; risk assessment

1. Introduction

River pollution generally comes from natural sources (weathering, salt domes, wa-
terways, etc.) and anthropogenic sources (such as industrial wastewater, irrigation
wastewater, domestic sewage, etc.) [1]. With the development of the economy and society,
human activities have exacerbated river pollution [2,3], endangering the safety of agricul-
tural irrigation water and drinking water, further posing a threat to human health [4,5].
For example, a high concentration of Na* in water will replace Ca?* and Mg?* in soil, re-
ducing the permeability of the soil and its ability to form stable polymers, which is not
conducive to plant growth [6,7]. Applying inorganic fertilizers and animal manure in
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agricultural areas has increased the nitrate content in water resources. The long-term
drinking of this water can induce diseases, such as methemoglobinemia, blue baby syn-
drome, and cancer, which seriously threaten human health [8-10]. Therefore, polluted riv-
ers have become an environmental and health hazard. It is necessary to accurately analyze
the sources of pollutants in river water and evaluate the water quality [11], as this is of
great significance for the management and protection of the river water environment. At
present, current assessments of water pollution include irrigation water quality, a risk as-
sessment, etc. Common methods include the USSL diagram, the Wilcox diagram, irriga-
tion water quality [12-15], the water-quality index (WQI) [16,17], and the health risk as-
sessment [18].

Hydrochemical characteristics of river water result from long-term interactions be-
tween water and environments [19]. By analyzing the hydrochemical characteristics of
river water and the concentration of the main ions (Na*, K*, Mg?, CaZ, F-, Cl-, NOs-, SO4%,
and HCOs"), the main contribution sources and migration of ions can be identified [20,21],
which help to determine the controlling factors of hydrochemical evolution and assist in
tracking pollutants from natural and anthropogenic processes [22]. Methods such as main
ion ratios, isotope fractionation [23], principal component analysis (PCA), correlation
analysis (CA), hierarchical cluster analysis (HACA), and discriminant analysis (CDA) are
widely used to identify the source of riverine ions [21,24-30], and multivariate statistical
analyses of fluvial ions could better help in identification [31].

Typical carbonate landforms develop in the karst area of Southwest China, where
relatively barren and thin soil is formed [32,33]. Due to the unique geological conditions
and strong karstification, the river system is susceptible and fragile [34]; therefore, the
hydrochemical characteristics of rivers are greatly affected by the geological background.
In particular, rock weathering, gypsum dissolution, ion exchange, and other processes
affect the composition of water chemical ions [35,36]. The Tongzi River is located in the
largest tributary of the Chishui River (a tributary without a dam in the Yangtze River),
which belongs to the typical karst basin in Southwest China. The agricultural activities in
the basin are frequent, and the rivers provide residents with irrigation and drinking water
along the coast. In recent years, human activities, including the watershed cultivation of
slope farmland and deforestation, have led to soil erosion and nonpoint source pollution
[37]. Therefore, this study systematically analyzes the fluvial ions of the Tongzi River in
the typical karst area, aiming to achieve the following: (1) determine the ionic composition
of the river water; (2) identify the source of the main ions in the river; and (3) explore the
potential irrigation hazards and health risks of water quality.

2. Materials and Methods
2.1. Study Area

The Tongzi River is the longest tributary of the Chishui River, which is a tributary of
the Yangtze River in Southwest China, and the basin area is 3348 square kilometers, span-
ning Tongzi, Zunyi, Renhuai, Xishui, and other counties (Figure 1). The mainstream has
a total length of 122 km, and annual precipitation varies between 850 and 1200 mm, with
a maximum rainfall of 1550 mm. Additionally, the annual precipitation is mainly concen-
trated between May and August, accounting for about 60% of the yearly rainfall; it is a
typical rain-source mountain river. The urban construction in the Tongzi River basin ac-
counts for a relatively small proportion of land. It is relatively concentrated in the county,
and the Tianmen River Reservoir in the upper reaches is the primary drinking water
source of the county. The middle and lower reaches flow through the mountainous karst
area with steep slopes and high terrain, which consists mainly of cultivated land and for-
est land. The proportion of cultivated land in the basin reached 28%, which has a major
impact on the ecological environment through soil erosion caused by slope farmland.
There are many mining enterprises in the basin, mainly in Tongzi County and Xishui
County, and some coal plant sites in the lower reaches of the mainstream are built along
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the river. As shown in Figure 1c, the exposed lithology in the Tongzi River basin is mainly
carbonate rock, silicate rock, and migmatite, which are mainly carbonate rocks. Basin out-
crop strata include Sinian, Triassic, Quaternary, etc., with the upper reaches composed of
Paleozoic Permian and Triassic strata, with a wide limestone distribution, as well as shale
and coal measures.
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Figure 1. Location of Tongzi County in Southwest China (a), sampling maps of mainstream and
tributaries of Tongzi River Basin under different land uses (b), the lithology distribution of Tongzi
River watershed (c).

2.2. Sampling and Analysis

The implemented sampling campaign occurred during the basin’s flood season in
August of 2019, with a total of 31 samples obtained (13 samples (G1-G13) from the main-
stream and 18 samples (Z1-Z18) from the tributaries) (Figure 1b). The sampling point in-
formation is shown in Figure 1. Water samples were collected at 0—20 cm below the surface
using washed high-density polyethylene bottles. Temperature (T) and pH were measured
in situ using WTW340i multiparameter water-quality meters (made in Germany, cali-
brated before sampling). On-site titration of HCOs~ with 0.025 mol/L of HCl was carried
out three times per water sample with an error of less than 5%. The collected river water
samples were filtered on the same day (0.45 pum Millipore filter membrane), stored in a
polyethylene bottle, and sealed in a refrigerator at 4 °C. Na*, K+, Ca?", Mg, CI-, NOs-, F-,
and SO« were analyzed and determined via ion chromatography (ICS-1100, Thermo
Fisher, Waltham, MA, USA, IonPac AG-19 anion exchange cartridge, and IonPac CS-12A
cation exchange cartridge), and the test accuracy was better than +5%.

2.3. Assessment Method
2.3.1. Irrigation Water Quality

The Tongzi River is the most crucial water resource for agricultural irrigation in the
basin, and its water quality directly affects the growth of surrounding crops. Sodium ad-
sorption ratio (SAR) and soluble sodium percentage (Na%) are indicators that reflect the
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alkali (sodium) damage of the irrigation water. A more considerable SAR value indicates
that the stronger the soil adsorption of sodium ions, the more difficult it is for the vegeta-
tion roots to absorb water [38]. The larger the Na% value, the worse the permeability of
the soil, thus affecting vegetation growth. For irrigation water quality, different irrigation
water salinity and alkalinity levels affect soil quality attributes, thereby changing the
farmland yield. To comprehensively evaluate the salinity and alkalinity hazards of irriga-
tion water, the sodium adsorption rate and other indicators are commonly used. The sol-
uble sodium percentage (Na%) and residual sodium carbonate (RSC) are calculated ac-
cording to the ion equivalent concentration (meq/L) of river water [39].

SAR = 2 x Na*/(Ca%* + Mg?+)1/2 1)
Na% = Na*/(Ca?* + Mg?* + Na* + K*) X 100% ()
RSC = (HCOs - COs) - (Ca+Mg?) 3)

2.3.2. Health Risk Assessment

The health risk assessment method is a quantitative analysis method for evaluating
substances that are harmful to human health. Water pollutants come into contact with the
human body mainly through drinking water and the skin, causing damage to human or-
gans and threatening human health [40]. However, ingestion is identified as a more severe
exposure pathway compared to the dermal route [41,42]. The average total nitrogen con-
tent in the Tongzi River basin was 2.85 mg/L [43], which is 1.4 times higher than the Chi-
nese (GB3838-2002) V water-quality standard, and the main forms of nitrogen in natural
rivers were NOs~ and NH4*. Therefore, according to the USEPA risk guidelines (USEPA
2004), the exposure doses of direct intake (ADDingestion) were calculated for NOs~ and NHa*
as follows:

ADDingestion= Cw x IR x EF x ED/(BW x AT) (4)

where ADDingestion is the average daily exposure dose (mg-kgd") from drinking water; Cw
is the measured concentration of nitrate in water (mg/L); IR is the ingestion rate (L/day);
EF is the exposure frequency (days/year); ED is the exposure duration (years); BW is the
body weight (kg); and AT is the average time for non-carcinogens to stay in the body
(days). Table 1 shows the parameters of the health risk assessment model for the assess-
ment of the risk NOs~ and NH+* pose to human health.

Table 1. Parameters employed for human health risk assessment.

Parameters Unit Infants Children Adults Reference
EF d-at 365 365 365 [44]
IR L-dt! 0.8 1.5 2 [45]
AT d 365 x ED 365 x ED 365xED [46]
ED a 1 12 30 [46]
BW kg 10 20 70 [45]

The hazard quotient (HQ) is usually used to evaluate non-carcinogenic health risks,
which was defined as:

Hazard Quotient (HQ) = ADDingestion/RfDingestion (5)

where ADDingestion is the average daily exposure dose (mg-kg'd™), and DfRingestion is the
reference dose of different ions (1.6 and 0.97 ppm/day for NOs~ and NH4+*) [47]. When
HQ<1, the human health risk caused by pollutants is permissible, whereas when HQ>1,
non-carcinogenic effects should be considered.
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2.4. Data Analysis

Principal component analysis (PCA) and a correlation matrix were carried out using
SPSS 21.0(IBM SPSS Statistics, Chicago, IL, USA) (PCA is a common method for exploring
potential sources). A Piper diagram was created for the relationship between ion concen-
trations and physicochemical parameters in the Tongzi River, and Origin 2022(OriginLab,
Northampton, UK) was used to edit the graphs.

3. Results and Discussion
3.1. Hydrochemical Compositions of Tongzi River

The chemical characteristics of river water demonstrate its environmental properties
and functions. The water temperature (T), dissolved oxygen (DO), pH value, electrical
conductivity (EC), main ion concentrations, and the composition of river water all reflect
the basic hydrochemical properties and characteristics of river water. The statistical re-
sults of the major ion concentrations and the water parameters (T, EC, pH, and DO) during
the study period are listed in Table 2. The Tongzi River water temperature ranged from
20.0 to 29.0 °C with a mean value of 23.6 °C. The EC values ranged from 330 to 622uS/cm
with a mean value of 436puS/cm, whereas the pH values varied between 8.54 and 9.36 with
a mean value of 9.13, meaning the river waters were slightly alkaline. The COs?- and CO:
in the aqueous solution were negligible with regards to the carbonate equilibrium and the
main inorganic carbon species in the Tongzi River was HCOs~. The total cationic charges
(TZ*= Na+K+2Mg?+2Ca?) in the river water ranged from 3.33 to 6.37 meq-L! (mean
value of 4.55 meq-L!), and the total anionic charges (TZ = CI-+NOs+HCOs+25042) in the
river water ranged from 3.25 to 6.51 meq-L™' (mean value of 4.56 meq-L-'). The mean value
of the normalized inorganic charge balance (NICB = (TZ+-TZ")/TZ*) [48,49] was generally
<4% for each sampling campaign (Table S1), suggesting that the anions and cations in the
Tongzi River were basically balanced.

Table 2. Values of Major Ions and Some Hydrogeochemical Parameters in the Tongzi River.

Min Max Mean SD Chmels;eGulde- WHO Guideline
T (°C) 20.0 29.0 23.6 29
EC (uS/cm) 330 622 436 61
pH 8.54 9.36 9.13 0.17 6.5-8.5 6.5-8.5
DO (mg/L) 1.24 13.01 8.91 2.37
Na*(mmol/L) 0.06 0.58 0.20 0.11
K* (mmol/L) 0.02 0.16 0.05 0.02
Mg?(mmol/L) 0.31 1.09 0.56 0.22
Ca?(mmol/L) 1.16 2.44 1.58 0.30
F- (mmol/L) 0.004 0.011 0.007 0.002 0.05 0.08
CI- (mmol/L) 0.03 0.51 0.14 0.10 7.05 7.05
NOs~ (mmol/L) 0.08 0.47 0.20 0.07 1.428 3.570
SO~ (mmol/L) 0.37 1.18 0.76 0.20 2.60 2.60
HCOs (mmol/L) 2.01 3.66 2.69 0.43
NH+* (mg/L) 0.01 2.65 0.25 0.46 0.036 0.107
SAR 0.06 0.49 0.20 0.09
Na% 2.56 16.57 8.33 0.03
RSC 0.16 1.26 0.53 0.26

Note: the unit of corresponding values in the Chinese guidelines and WHO guidelines are converted
to mmol/L.

As shown in Figure 2, the mean proportion of cations in the Tongzi River water fol-
lowed a decreasing order of Ca? (66%) > Mg? (24%) > K* + Na* (10%), and the dominant
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anion was HCOs~ which, on average, accounted for 75% of the total anions, followed by
SO« (21%) and Cl- (4%). These findings are basically consistent with the hydrochemical
characteristics of the Chishui River [47], where the dominant cations were found to be Ca2
and Mg?, whereas the dominant anions were HCOs~ and SO4*; these data essentially com-
ply with the component characteristics of major ions in the Guizhou karst rivers, and the
hydrochemical type of the Tongzi River water was Ca-Mg-HCOs, controlled by carbonate
weathering. Compared with the Changjiang River (urban area), the Jialing River (Chong-
ging area), and the Nanming River, the regions where carbonate rocks were distributed
were all dominated by HCOs~ and Ca?.. The Tongzi River has a rich proportion of SOs?-
(21%), which is obviously higher than in the Changjiang River [50,51] (16% and 10%), the
Nanming River [31] (17%), and the Jialing River [26] (14%). Although the SO~ content of
the Tongzi River is higher than that of the above river, it is probably subjected to human
activities and the dissolution of sulfide oxidation (e.g., pyrite) [47,52]. The Na*+K* and CI-
contents are relatively low, and the proportions are obviously lower than in the Nanming
River [31] (Na*+K*26%, Cl1:10%) and the Jialing River [26] (Na*+K*:28%, Cl:16%), and are
much lower than in the Changjiang River [50,51] (Na*+K*:31% and 42%, Cl-: 13% and 24%),
all of which are subject to the influence of different anthropogenic activities
[26,31,47,50,51].

@ Main stream (This study)

@ Tributary (This study)

® Chishui River (Ge et al., 2021)
Changjiang River (Chetelat et al., 2008)
Changjiang River (Ding et al., 2014)
Jialing River (Qin et al., 2018)
Nanming River (Han et al., 2022)

Ca (ol

Figure 2. Piper diagrams representing the percentages of hydrochemical species in Tongzi River,
Chishui River [47], Changjiang River [50,51], Jialing River [26], and Nanming River [31].

3.2. Sources of River Solutes
3.2.1. Correlation Matrix and PCA Analysis of Major lons

Spearman’s correlation among the major ionic components in the water allows for a
systematic analysis of the interrelationships between the major ions. Based on their rela-
tionships, we can determine the source and identify the possible factors that affect the
major ions [53]. Additionally, to further explore the source of the main ions in the Tongzi
River basin, PCA was also used for analyses [54]. In general, KMO values below 0.5 are
not desirable, whereas values from 0.5 to 0.7 are considered sufficient, and higher values
(above 0.7) are outstanding [55]. The current study achieved a KMO value of 0.65; there-
fore, we used the correlation matrix and PCA to explore the source of major ions in the
Tongzi River basin. For the Tongzi River, three principal components (PCs) with
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eigenvalues above 1 were retained, which explains 83.4% of the total variance (Table 3).
PC1, with the most significant variance (54.9%), decides the hydrochemical characteristics
and is affected by positive loadings of SO« (0.92), pH (0.85), Ca?* (0.80), CI- (0.72),
Na*(0.66), NOs~ (0.65), and K+ (0.57). PC2 explains 19.2% of the total variance, with strong
positive loadings of Na* (0.75), K* (0.63) and Cl- (0.59). Mg?* (0.84) and HCOs~ (0.85) exhib-
ited high loadings in PC3, explaining 9.3% of the variance.

Table 3. Varimax-rotated component matrix for water ions in the Tongzi River.

Variable PC1 PC2 PC3 Communalities

EC -0.16 -0.87 -0.06 0.78

pH 0.85 0.35 0.38 0.98

Na* 0.66 0.63 -0.19 0.87

K+ 0.57 0.75 -0.11 0.89

Mg 0.03 -0.44 0.84 0.90

Ca? 0.80 0.47 0.03 0.86

Cl- 0.72 0.59 0.01 0.86

NOs 0.65 0.38 0.05 0.56

SOs> 0.92 0.04 -0.04 0.84

HCOs 0.28 0.23 0.85 0.86

F- 0.55 -0.04 -0.68 0.76
eigenvalues 6.04 2.11 1.03
variance (%) 54.86 19.19 9.33
cumulative (%) 54.86 74.05 83.38

Note: extraction method —principal component analysis; rotation method —varimax with Kaiser
normalization.

PC1 and PC2 exhibited high positive loadings (>0.50) of Na*, K*, and Cl-, and there
was a strong positive correlation among Na*, K*, and CI-. There is no obvious evaporite
(KCI and NaCl) exposed in the river basin; therefore, in addition to rock-weathering
sources, Na*, K*, and Cl- in the river water also have other anthropogenic sources, such as
industrial (coal combustion) [20,56] and domestic wastewater discharge [48] and agricul-
tural fertilizer [24]. Moreover, there are some coal mines in the basin, many villages and
towns along the basin, and a large proportion of agricultural land. Samples from the
Tongzi River presented low concentrations of Cl-, Na*, and K*, which means that Na*, K+,
and Cl- are mainly from coal combustion, rainfall [57], domestic wastewater discharge
(NaCl), and agricultural fertilizer (KCI).

The results presented in Figure 3 show that SOs>- and Mg?, and especially HCOs~ and
Ca?, were the ions with a high concentration in the river water. 504>~ and Ca?" had a sig-
nificant correlation, but sulfate was also strongly correlated with other ions, such as Na-,
K, and CI; the significance of SOs- and anthropogenic input ions (Na*, K+, and CI") is
higher, inferring that they may be from the same source. SO is derived from human
activities and the dissolution of sulfide oxidation (e.g., pyrite)[47,52], which is consistent
with the presence of SO« in the whole Chishui River[58]. HCOs-, Ca?*, and Mg? are sig-
nificantly correlated, indicating that carbonate weathering inputs account for their high
proportion. In addition, Mg?, Ca?, and HCOs~ mainly come from the dissolution of dolo-
mite and limestone, which is consistent with the main rock types in the study area
[31,59,60].
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Figure 3. Spearman’s correlation for the Tongzi River ions and other parameters; an asterisk (*) de-
notes p < 0.05; two asterisks (**) denote p< 0.01.

According to previous studies, nitrate mainly comes from anthropogenic sources,
such as urban sewage, mobile emission sources (transportation) [61,62], industrial pollu-
tion [63], agricultural nitrogen fertilizers [64], and animal waste [65]. In this study, NOs-
exhibited a much higher concentration (mean 12.7 mg/L) than that in the Xijiang River,
where extensive agricultural activities exist (with a high average value of 6.4 mg/L) [65].
Furthermore, the high correlation between Cl- and NOs~in PC1 indicates that their sources
are consistent and are closely related to the use of agricultural nitrogen fertilizers [66].
Therefore, NOs~ mainly comes from agricultural nitrogen fertilizers.

3.2.2. Mineral Dissolution

The Gibbs diagram [67] method defined three mechanisms (evaporation—crystalliza-
tion, rock dominance, and atmospheric precipitation) that control world surface water
chemistry. The relationship between TDS and Na*/(Na*+Ca?") and Cl/(CI+HCOs") can be
used to judge the main control types of the main ions in river water and the influencing
factors of hydrochemical changes in the river basin [67]. As shown in Figure 4, the
Na*/(Na*+Ca?") of most river samples in the Tongzi River is less than 0.6, and the Cl-/(CI-
+ HCOxs) is less than 0.2. All river sample points were from the rock-weathering control
area and away from the atmospheric action zone, indicating that the ion composition of
the river is mainly controlled by rock weathering, which is similar to that in the Yangtze
River [26], the Xijiang River [68], the Wujiang River [69], and other large basins in China,
as well as the Qingshui River [70], the Chishui River [47], and other karst regions.
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Figure 4. Gibbs plots of river water in the Tongzi River Basin [67].

For further analysis of rock-weathering types and to explore the source of the main
ions generated by rock weathering in the region [71], end-member diagrams [72], includ-
ing Mg?/Na* vs. Ca?*/Na*(Figure 5a) and HCOs7/Na* vs. Ca*/Na* (Figure 5b), can be used
to further determine the types of rock-weathering sources [58]. As shown in Figure 5a, the
samples from the mainstream and tributaries of the Tongzi River basin were mainly con-
centrated in the vicinity of the carbonate rock end-member and between the carbonate
rock and silicate rock end-member. Still, most of the points are biased toward the car-
bonate rock area. Some fall in the carbonate rock-weathering area, indicating that the
study area is more affected by carbonate rock than silicate rock.

As shown in Figure 5c, most water samples fall to the right of the 1:1 line, which may
be affected, to a certain degree, by silicate rock weathering or the cation exchange process
[73,74]. The ratios of Ca2*+Mg2?* to HCOs~ are used to characterize the dissolution of car-
bonate minerals’ (such as calcite and dolomite) contribution to the chemical characteristics
of river water [75]. Figure 5d shows that the water samples are mainly concentrated on
the light side of the 1:1 line, indicating that the weathering of carbonate rocks is the main
source of Ca?, Mg?, and HCOs™ in the Tongzi River [76]. As shown in Figure 5e, all the
water samples are mainly concentrated on the 1:1 line, which indicates that the dissolution
of carbonate and sulfate minerals dominate the hydrochemical characteristics of the
Tongzi River. In addition, the ratio between Na*+K*—Cl- and HCOs+504>-Ca?-Mg?* is
commonly utilized to identify the influence of cation exchange [46,58,77]. The ratios of
most water samples were near the 1:1 line, indicating that the cation exchange process
significantly affects water hydrochemistry [7]. Figure 5f shows that all water samples fall
on the left side of the 1:1 line, revealing that cation exchange does not affect the Tongzi
River.
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Figure 5. Plots of Ca?*/Na* versus Mg?/Na* (a), Ca**/Na* versus HCOs7/Na* (b), Na* versus CI- (c),
(Ca?+Mg?") versus HCOs™ (d), (Ca2+Mg?) versus (HCOs+504%) (e), and (HCOs+SO+—Ca?*-Mg?)
versus (Na*+K*—CI") (f) for the study area.

3.2.3. Anthropogenic Inputs

Human activities significantly impact the chemical characteristics of water bodies. In
areas of intense human activities, anthropogenic inputs often influence rivers, with inten-
sive human activities leading to elevated levels of Cl-, NOs-, and SO+*- [78,79]. In addition,
polluted water is generally considered to have high Cl-/Na*, NOs7/Na*, and SO+-/Na* ra-
tios [46,73]. Therefore, the present study used the Cl-//Na*, NOs7/Na*, and SO+>-/Na* ratios
of the Tongzi River in comparison with those from other rivers to further evaluate the ion
ratio characteristics of rivers under different human influences (Figure 6a,b). The results
show that the Tongzi River has a higher ratio of NOs/Na* than other urban rivers (Yangtze
River, Jialing River, and Nanming River), and the water samples located close to agricul-
tural activities are similar to those from the Chishui River, indicating that agricultural ac-
tivity is an important source of NOs~ in the Tongzi River. In addition, Figure 6b shows
that the Tongzi River was also affected by industrial activities to a certain extent and is
similar to the Chishui River, indicating that SO4?- is mainly derived from industrial activ-
ities.
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Figure 6. Plots of Cl-/Na* versus NOs7/Na* (a) and NOs7/Na* versus SO+7/Na* (b) for water samples
of the Tongzi River, Chishui River [47], Changjiang River [50], Jialing River [26], and Nanming River
[31].
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3.3. Irrigation and Guideline-Based Water Quality

The Tongzi River is a typical plateau agricultural river. The proportion of cultivated
land in the basin is 18%. The crops are mainly wheat, corn, and rice; therefore, Tongzi
River water is an important water source for agricultural irrigation. Additionally, the irri-
gation water quality is almost equally important in ensuring food security and social and
economic development [80]. The concentrations of inorganic ions in the Tongzi River are
also in line with the range given by the Chinese guidelines and the WHO guidelines. The
suitable pH value of drinking water is suggested to be between 6.5 and 8.5. Still, most
water samples have unsuitable pH values because carbonate weathering causes karst riv-
ers to have high pH [81].

The Na% ranged from 2.56 to 16.57%, with an average value of 8.21%, and the SAR
varied from 0.06 to 0.49, with a mean value of 0.19. The United States Salinity Laboratory
plot (Figure 7a) shows that 100% of the samples fell in the C251 zones, indicating a me-
dium salinity hazard. In addition, according to the Wilcox diagram (Figure 7b), most sam-
ples were in the excellent to good section. In general, low sodium and moderate salinity
hazards may exist in the Tongzi River, indicating a relatively suitable quality for irrigation
without much harm to soil aggregates. In addition, the RSC value of the Tongzi River
water sample exceeded 1.26 (Table S1), indicating the suitability of irrigation water.
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Figure 7. Salinity and alkalinity evaluation of irrigation water quality: (a) United States Salinity La-
boratory (USSL) diagram and (b) Wilcox diagram.

3.4. Health Risk Assessment

A health risk assessment is a method used to assess possible harmful health effects
in different groups of people [82]. The human body mainly absorbs toxic substances in the
water body by drinking the water. The Tongzi River basin provides drinking water for
nearby residents, especially those in the upstream Tianmen River Reservoir, as it is the
main drinking water source in Tongzi County. NHs* and NOs™ in the water enter the hu-
man body mainly through the drinking of the water. Long-term consumption of water
polluted by NHs* and NOs™ can lead to various diseases, such as leukemia, digestive sys-
tem cancer, and blue baby syndrome [83]. Therefore, the present study used the model
recommended by the US Environmental Protection Agency to evaluate the potential risks
to human health posed by the non-point source pollution (NSP).

The non-carcinogenic health risks of the total HQ value (HQr = HQno,+ HQOng,*) in
the Tongzi River were calculated (Figure 8c). The results of the HRA showed that the
HQOno,™ values for infants, children, and adults were 0.25-1.46, 0.23-1.37, and 0.09-0.52,

with mean values of 0.63, 0.59, and 0.23 (Figure 8a), respectively. The HQng,* values for
infants, children, and adults were 0.001-0.219, 0.001-0.205, and 0-0.078, with mean values
of 0.02, 0.019, and 0.007 (Figure 8b), respectively. This suggests that HQno, is much larger
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than HOn#,* and indicates that non-health hazards are dominated by nitrate pollution.

For infants, children, and adults, the HQr of each ion and total HQ were higher than the
hazard level (>1), indicating a higher health risk of the assessed ions. About 6.5% of the
samples (Z3 and Z15) in the tributaries had an unacceptable risk for infants and children,
and the HQ value for infants and children was always higher than that for adults, imply-
ing they face an increased risk from the riverine ions compared to adults. The non-car-
cinogenic health risk of riverine ions to infants and children in the Tongzi River is very
noteworthy, especially in the tributaries.
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Figure 8. Non-carcinogenic health risk assessment in Tongzi River water. (a) HQ values of nitrate,
(b) HQ values of ammonia, (c) total HQ value.

4. Conclusions

The present study collected 31 water samples from the Tongzi River to evaluate the
hydrochemical characteristics, sources of river solutes, irrigation and guideline-based wa-
ter quality, and risk to human health. The main conclusions of the present study are as
follows: The ion abundance in the Tongzi River is Ca2* (66%) > Mg?* (24%) > K* + Na* (10%)
for cations and HCOs~ (75%) > SO+~ (21%) > Cl- (4%) for anions. Additionally, the hydro-
chemical type of the water is Ca-Mg-HCOs, which is mainly controlled by carbonate
weathering; thus, the weathering of carbonate rock is still the main origin of Ca?, Mg?,
and HCOs". In a typical agricultural river, compared to urban river sources, intensive ag-
ricultural activities in the basin are the main source of nitrate NOs~, whereas SO+~ mainly
derives from industrial activities (coal mine). The irrigation and guideline-based water-
quality results showed that the concentrations of inorganic ions in the Tongzi River are
also in line with the range given by the Chinese guidelines and the WHO guidelines, and
that the irrigation water has good suitability. Moreover, the health risk assessment results

showed that the amount of HQno,™ is much larger than HQxw,*, and about 6.5% of the

samples in the tributaries presented an unacceptable risk for infants and children, indicat-
ing that nitrate pollution dominates non-health hazards. Therefore, in the subsequent
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management of the water environment in the basin, the control of agricultural nonpoint
source pollution should be strengthened to ensure the safety of water use in the basin.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w15040802/s1, Table S1: The water parameters, major ion
compositions, SAR, Na%, RSC, NICB of Tongzi River.
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