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Watershed Water Environment and Hydrology under the
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1. Introduction to Watershed Water Environment and Hydrology

Water resources imbalance of requirement and distribution has become one of the
most vital limiting factors for regional and global sustainable development [1,2]. Under the
global environmental change, water quality, including pollution risk, identification, and
controlling factors, becomes the key to sustainable development and high-efficiency use of
water resources. Watersheds are closely related to social and economic development around
the world, as the most critical water resource unit in surface systems. However, the global
water eco-environment poses many challenges for protection and management at different
watershed scales. Under the influence of anthropogenic and natural processes, nutrients
and other pollutants have difficulty being assessed accurately with respect to their transfor-
mation and migration at different watershed scales. By studying the biogeochemical cycle
of substances and sources of pollutants in the water environment (e.g., rivers, reservoirs,
and subterranean rivers) at the watershed scale, combined with hydrology methods, the
mechanism of ecological environment changes at watershed scale can be explored under
the influence of both anthropogenic and natural processes [3,4].

Generally, human activities (such as agricultural production, urban sewage, industrial
discharge, and mining in the watershed) are the main sources of pollutants in the water
environment, and natural processes (mainly rock weathering) are also important factors
controlling the water chemistry of watersheds [5–7]. Meanwhile, besides natural hydrologi-
cal processes, reservoir and dam construction (water conservancy projects) and land-use
change are also important factors affecting material migration and transformation in the
watershed water environment. In this Special Issue, we aim to promote paper publications
that deal with watershed water environments and hydrology under the influence of an-
thropogenic and natural processes, mainly focusing on the quality and contamination of
water bodies and their influencing factors. This Special Issue shares innovative/new ideas
on the watershed water environment from different perspectives across the field.

The aims of this Special Issue are to (1) distinguish the evolution of watershed water
ecological and environmental quality impacted by both anthropogenic and natural pro-
cesses; (2) clarify the biogeochemical cycling of elements or pollutants driven by human
activities and hydrological factors at watershed scale; (3) identify and quantify the sources
of pollutants in watershed water environments; (4) assess the ecological risk and human
health risk of pollutants in the water environment at different watershed scales.

A total of eight peer-reviewed articles were collected in this Special Issue. Six papers
come from China, and the other two were from the United States of America and Russia,
respectively. Overall, these papers in this Special Issue point out several perspectives of
watershed water environment and are of great significance for realizing high-efficiency
water environmental management and sustainable use of water resources. The research
subjects involved different rivers and river-reservoir systems in China, the USA, Russia,
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and Sri Lanka, such as the Yangtze River Watershed and Wujiang River Basin in China,
Triangle Area in the USA, and Nizhnekamskoe Reservoir Watershed in Russia.

2. Overview of This Special Issue

The topics of collected papers in this Special Issue are widespread and they can
be divided into three parts as follows: (1) hydrochemistry-based watershed weathering
processes and their environmental implications, (2) trace elements in watershed water
environment and their risks, and (3) nutrients cycle in river-reservoir systems.

2.1. Hydrochemistry-Based Watershed Weathering Processes and Its Environmental Implications

Chemical weathering adjusts atmospheric CO2 balance and the habitability of Earth-
surface on a long-term scale. As the integration of solid and dissolved weathering products,
river geochemistry can reflect the weathering processes and fluxes at the basin scale.
Moreover, the river water hydrochemical compositions are not only the reflection of natural
processes (mainly weathering processes), but also the carrier of environmental information
of human activities.

Two papers deal with the water chemistry of river watersheds, focusing on the hydro-
chemical behavior under different basin backgrounds and geological conditions.

Ge et al. [8] reported the hydrochemistry and sulfur isotope (δ34S-SO4
2−) compositions

of a representative carbonate rock area to identify the potential origins of fluvial solutes
(mainly weathering products), the human disturbance, and river water quality. The findings
presented that K+, Mg2+, F−, HCO3

− mainly reflected the rock weathering inputs, and
atmospheric deposition was the contributor of Na+ and Cl−, while SO4

− and NO3
− were

defined as the anthropogenic inputs. The H2SO4-involved processes were significantly
facilitated by weathering processes. The sulfur isotope-based discussion further revealed
that human emission controlled the fluvial SO4

2− relative to sulfide oxidation, while the
atmospheric impact was negligible.

Wang et al. [9] applied the Germanium/Silicon (Ge/Si) ratio to trace the influence of
hydrothermal input and chemical weathering on Tibetan Plateau-originated river water
(Yarlung Tsangpo River). Based on that Ge/Si ratio, this paper reflected the primary mineral
dissolution and secondary clay formation. The main results highlight that the hydrothermal
water contribution notably impacts the Ge/Si ratios of river water, particularly in the
upper-mid reaches. About 11–88% of Ge was lost during the transported processes from
hydrothermal water to river system. The contribution of hydrothermal sources should be
considered if the Ge/Si ratio was used to trace silicate weathering in Tibetan Plateau rivers.

2.2. Trace Elements in Watershed Water Environment and Their Risks

The trace elements, including heavy metals (HMs) and rare earth elements (REEs) in
the river system, are important and gain more concerns due to their potential toxicity on
aquatic organisms and humans. Four papers in this issue determine the trace elements
geochemistry in different watersheds to explore the natural and anthropogenic inputs of
trace elements, and their potential health risks.

Zeng et al. [10] investigated the distribution, status, and sources of typical HMs,
and further assessed the water quality and HMs-related risks in the upper Three Gorges
Reservoir (TGR) of Yangtze River. The detectable HMs were 1.4~8.1 times higher than the
source area of the Yangtze River, indicating potential anthropogenic inputs. V, Cu, As, and
Pb concentrations along the main channel were decreased. Principal component analysis-
based sources identification reflected that V, Ni, As, and Mo were the main contribution of
human inputs, Cu and Pb were mainly from mixed sources of human emission and natural
process, while the Zn and Cd were controlled by natural sources. Water quality assessment
revealed a good water quality for the drinking purpose with limited exposure risk.

The article by Zabrecky et al. [11] is a good application of REEs (mainly Gadolinium,
Gd) tracing the anthropogenic contributions on river water, in particular, the influences of
surrounding wastewater treatment plants (WWTPs). The Gd anomalies were investigated
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in North Carolina’s Triangle Area. The quantified assessment of Gd in wastewater samples
suggested that 98.1% to 99.8% Gd is an anthropogenic contribution, while the anthropogenic
Gd contribution of upstream and downstream samples was estimated as an average
increase of 45.3%.

Motovilov et al. [12] simulated the heavy metals (Cu, Zn, and Mn) cycling of the
heavily polluted Nizhnekamskoe reservoir basin in Russia using the semi-distributed
physically based ECOMAG-HM model. The spatial and temporal patterns of these HMs
were also identified. The findings reflected that the riverine pollution is formed mainly
by the metals diffuse wash-off into rivers from the soil-ground layer. The delta-change
climatic scenario-based model highlighted that water quality characteristics should not be
significantly changed up to 2050.

Xu et al. [13] described the spatial characteristics of groundwater geochemistry in Sri
Lanka to link the water quality and the potential contributor to chronic kidney disease of
unknown etiology (CKDu). The groundwater geochemistry exhibited significant spatial
heterogeneity in Sri Lanka, and Cd, Pb, Cu, and Cr concentrations were within the limitation
of World Health Organization guideline values. In contrast, the As and Al concentrations of
some samples were higher than the limited values. Although the water quality data cannot
explore if water quality is associated with the CKDu occurrence, more effective research
should be conducted to confirm the synergistic effect of different chemical constituents
on CKDu.

2.3. Nutrients Cycle in River-Reservoir Systems

The anthropogenic pollution of nitrogen and phosphorus in river watershed scales has
become a global awareness due to their negative influence on aquatic quality. Given that
the enrichment of N and P in the river-reservoir system has seriously affected the health
of river water, and the knowledge of the main influencing factors controlling the N and P
cycle is vitally significant. In this Special Issue, two papers aimed at the transportation and
transformation of N and P in the river-reservoir system.

Hou et al. [14] performed their study on the nitrogen species and isotopes in the
sediment of a deep reservoir (artificial reservoir of Wujiang River basin) in Southwest China
to better understand nitrogen transformation under the condition of thermal stratification,
in particular, the sediment–water interface (SWI) nitrogen cycle. This paper highlighted
that the changes in dissolved oxygen primarily controlled the nitrogen cycling processes,
and furthermore, nitrification, denitrification, mineralization, and diffusion of nitrogen
species were largely varied with the presence of the oxygen.

The paper by Zhou et al. [15] investigated five sediment cores from the shallow YuQiao
Reservoir in northern China to clarify the role of phosphorus (P) release from sediment
by determining the characteristics and P fractions. The sediments presented a P sorption
capacity of 7–10 times that of soil. The isotherm adsorption experiments identified the
sediment contributes with a positive flux of P to the overlying water. The dredging of 30 cm
surface sediments was the effective pathway to decline the soluble reactive phosphate.

3. Conclusions

Watershed water environments are complex earth–surface systems, as they integrate
the influences of both natural processes and anthropogenic processes, which are also
amongst the most significant freshwater resources, supporting the development of human
societies over the world. This Special Issue collected eight peer-reviewed articles to clarify
the watershed water environment and hydrology under the influence of anthropogenic and
natural processes and further support the water eco-environmental protection and manage-
ment on different watershed scales. These works cover several river watersheds and/or
river-reservoir systems in China, the USA, Russia, and Sri Lanka. From the perspective of
hydrochemistry-based weathering processes, trace elements and their risks, and nutrients
cycle in different watersheds, the authors provide several benefits innovative/new ideas on
watershed water environment and further help manage and balance the water resources.
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Abstract: Hydrochemistry and sulfur isotope (δ34S–SO4
2−) of Chishui River watershed in Southwest

China were measured to identify the sources of riverine solutes, the potential impact of human
activities, water quality, and health risk. The main findings indicated that the HCO3

− (2.22 mmol/L)
and Ca2+ (1.54 mmol/L) were the major ions, with the cation order of Ca2+ (71 ± 6%) > Mg2+ (21 ± 6%)
> Na+ + K+ (8 ± 3%) and the anion sequence of HCO3

− (55 ± 9%) > SO4
2− (41 ± 9%) > Cl− (4 ± 3%).

The riverine δ34S–SO4
2− values fluctuated from −7.79‰ to +22.13‰ (average +4.68‰). Overall, the

water samples from Chishui River presented a hydrochemical type of Calcium–Bicarbonate. The
stoichiometry and PCA analysis extracted three PCs that explained 79.67% of the total variances.
PC 1 with significantly positive loadings of K+, Mg2+, F−, HCO3

− and relatively strong loading
of Ca2+ revealed the natural sources of rock weathering inputs (mainly carbonate). PC 2 (Na+

and Cl−) was primarily explained as atmospheric contribution, while the human inputs were
assuaged by landscape setting and river water mixing processes. The strongest loadings of SO4

2−

and NO3
− were found in PC 3, which could be defined as the anthropogenic inputs. The H2SO4–

involved weathering processes significantly impacted (facilitated weathering) the concentrations of
riverine total ions. Sulfur isotope compositions further indicated that riverine SO4

2− were mainly
controlled by anthropogenic inputs SO4

2− compared to the sulfide oxidation derived SO4
2−, and

the atmospheric contribution was very limited. The results of risk and water quality assessment
demonstrated that Chishui River water was desirable for irrigation and drinking purposes due to
low hazard quotient values (<1, ignorable risk), but long–term monitoring is still worthy under the
circumstances of global environmental change.

Keywords: water chemistry; sulfur isotope; ion source apportionment; water quality and risk
assessment; Chishui River watershed

1. Introduction

Watershed–scale hydrochemical evolution and water environmental quality, the most
important hot point for river water resource research, is the basis of effective hydrospheric
environment planning and sustainable usage of freshwater resources, in particular, under
the background of the imbalance between unevenly distributed water resources and water
requirements. Both anthropogenic and natural processes can affect hydrochemistry and
the major ion concentration level [1,2]. With the accelerated improvement of economy,
the increased anthropogenic activities (e.g., industrial/domestic wastewater, agricultural
emissions) have rapidly enhanced the riverine pollutants [3,4], which will further result in
a series of environmental issues and risks [5,6], such as the destruction of soil aggregate
structure by polluted river water irrigation, and the health risks via drinking water [7–9].

Water 2021, 13, 1231. https://doi.org/10.3390/w13091231 https://www.mdpi.com/journal/water
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The major ions are the most important part of river dissolved loads. Exploring the
origins of these ions could greatly benefit for the understanding of watershed–scale geo-
chemical dynamics (e.g., weathering processes) and distribution/transformation regulation
of pollutants. Moreover, the ion source identification is also benefit for the environmental
supervision of the government [10]. Generally, in addition to regularly direct monitoring
of cation and anion concentrations, statistic approaches, ion ratios, and isotopic methods
are widely applied in source identification [11]. Statistical methods, such as principal
component analysis and correlation analysis could explore the common sources of riverine
solutes due to similar physicochemical characteristics and potential co–origins of some
ionic species [12]. The potential dilution effect can be avoided by the fluvial ion ratios,
reflecting the mixing processes of the sources [13]. The isotopic methods, such as sulfur (S)
isotope of riverine SO4

2−, could distinguish different sources via specific isotope composi-
tions of these end–members, based on the inheritance of S isotopes of riverine sulfate from
both natural and anthropogenic sources [2,14].

In the karst area of southwest China, the typical carbonate geomorphology is de-
veloped, such as the sinkhole, depression, cockpit, and cone, which further result in the
barren and thin soil [15,16]. Thus, the karstic ecosystem, in particular river system is
extremely sensitive and vulnerable due to the unique geological conditions and strong
karstification [17,18]. In order to obtain more knowledge of karst fluvial hydrochemistry,
this study presents the detailed investigation of river water stoichiometry and S isotope of
Chishui River (a tributary of upper Yangtze River) watershed in southwest China karst
region. The main aims are to:

(i) Carify the ionic compositions and S isotope compositions of river water,
(ii) identify the source of major ions, and
(iii) explore the water quality as well as the potential irrigation and health risks.

2. Materials and Methods

2.1. Study Region

The Chishui River is one of the first–level tributaries in upper Yangtze River that has
not been dammed in the main channel. With a total length of 445 km for main stream, the
Chishui River begins in the Zhenxiong County, Yunnan Province and flows from southwest
to northeast through Yunnan–Guizhou Plateau and Sichuan Basin in southwestern China,
and finally enters into the Yangtze River in Hejiang County, Sichuan Province (Figure 1) [7].
In Chishui River watershed (CRW, 27◦15′~28◦50′ N, 104◦44′~107◦1′ E), there is a wide
catchment area (~1.89 × 104 km2) with various tributaries influenced by different degrees of
human activities. As shown in Figure 1a, the lithology exposed in CRW is mainly composed
of carbonate sedimentary rocks (~44.6%), siliciclastic sedimentary rocks (~24.5%), mixed
sedimentary rocks (~30.1%), and basic volcanic rocks (~0.7%). In more detail, the strata
distributed in upper stream are mainly dolomite of Dengying Formation of Ediacaran
with the minerals resources of phosphorite, barite, and fluorite. The middle reaches are
mainly composed of limestone and dolomite of Cambrian, Ordovician, Silurian, Permian,
Triassic, and Jurassic, followed by mudstone, sand shale and coal–bearing rock group. The
middle reaches also developed the minerals resources of coal, pyrite (iron sulfide), gypsum,
and barite with the same geological age. The lower stream mainly distributed Jurassic–
Cretaceous siltstone and mudstone with sporadic oil shale. The CRW covers various land
use and a large elevation range (205 to 2237 m). The land use of CRW mainly includes
water area, urban area, grass land, unused land, cropland, and forest land (Figure 1b).
Forest land (~73.4%) and cropland (~19.6%) are the dominant land uses in CRW. The CRW
is affected by the sub–tropical monsoon climate, with the average annual air temperature of
11~13 ◦C. The annual rainfall ranges from 800 to 1200 mm. The agriculture is distributed in
upper–middle stream with a vulnerable eco–environment, while the industries are mainly
located in the middle stream. The water quality of CWR is of great importance due the
significant supporting role of water resources in the watershed.
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Figure 1. The background of sampling sites: (a) the lithology distribution of Chishui River watershed;
(b) the land use of Chishui River watershed.

2.2. Sample Collection and Analyses

A systematic watershed survey was conducted from November to December in 2012
(dry season was selected to avoid the dilution effect and biologic effect as much as possible).
According to the natural features (landuse and lithology) and the population distribution,
38 sample sites were chosen in the mainstream and tributaries of CRW (2 sites were chosen
in Changjiang River, Figure 1). In total, 38 river water samples were obtained and further
filtered (0.45–μm membrane, Millipore) and saved in the clean polyethylene sample bottles.
Each sample was divided into three parts for the measurement of sulfur isotope and the
major ions. The storage conditions of all samples were lightless and refrigerated (4 ◦C).
The river water parameters (pH, T, DO, and EC) were measured in the field using the
multi–parameter meter (Multi Line 3320, WTW, Munich, Bavaria, Germany). HCO3

−
concentrations were detected by HCl–titrated method. The Na+, K+, Mg2+, Ca2+, F−,
Cl−, NO3

−, and SO4
2− concentrations were measured by ion chromatograph (ICS–1100,

Thermo Fisher, Waltham, MA, USA) at the Key Laboratory of Karst Geological Resources
and Environment, Ministry of Education, Guizhou University. The analysis was conducted
with replicate samples and procedural blanks to maintain the accuracy of measurement.
The measured result of replicate samples suggested acceptable repeatability for all ions
(relative standard deviations were within ±5%), and the procedural blanks for all ions
were generally lower than the detection limit.
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The sulfur isotope of riverine SO4
2− was detected according to previous studies [19].

Briefly, 10% BaCl2 solution were added to water samples to convert the dissolved SO4
2−

into BaSO4 precipitation, and the mixture was filtered by 0.45–μm membrane filters after
48 h. Then, the BaSO4 precipitation on membranes was further calcined (800 ◦C, 40 min) to
gain the BaSO4 solid. The S isotope compositions (in δ notation relative to Vienna–Canyon
Diablo Troilite, VCDT; Equation (1)) were detected by Elemental Analyzer–IsoPrime MS
(IsoPrime, GV Instruments, Manchester, UK) at the Institute of Geochemistry, Chinese
Academy of Sciences [20].

δ34S (‰) = (Rsample/RVCDT − 1) × 1000 (1)

The standard reference materials (NBS 127) and internal laboratory standard reference
materials (pre–calibrated Lab–SO1, Lab–SO4, Lab–Sigma) for S isotope were also detected
to ensure the analysis accuracy, which were within the recommended value (2SD smaller
than 0.02‰).

2.3. Assessment Method

Chishui River is the most important water source of both drinking and agricultural
irrigation water within the watershed, which is necessary to assess the suitability for
drinking and irrigation purpose. The riverine parameters (pH) and ion concentrations
of Chishui River water were appraised by Chinese (GB 5749–2006) and WHO drinking
water quality guidelines. For the irrigation water quality, the soil quality attributes can
be influenced by the different salinity and alkalinity level of irrigation water, and further
changed the yields from farmland. To gain an overall evaluation of irrigation water salinity
and alkalinity hazard, the commonly–applied indicators such as sodium adsorption ratio
(SAR), soluble sodium percentage (Na%), and residual sodium carbonate (RSC) were
calculated based on the ion equivalent concentrations (meq/L) of river water as follows [11]:

SAR = Na+ × [2/(Mg2+ + Ca2+)]0.5 (2)

Na% = 100% × Na+/(Na+ + K+ + Mg2+ + Ca2+) (3)

RSC = (HCO3
− + CO3

2−) − (Mg2+ + Ca2+) (4)

Regarding to the human health risk, the health threat could be occurred via ingestion
and dermal exposure to river water with high–concentration ions [21]. In comparison, the
health risk through ingestion intake is the most noteworthy. To assess this threat (non–
carcinogenic health risk), the Hazard quotient (HQ) suggested by the U.S. Environmental
Protection Agency was calculated for F−, NO3

−, and NH4
+ [11]:

ADDingestion = C × IR × EF × ED/(BW × AT) (5)

HQ = ADD/RfD (6)

where ADDingestion, C, IR, EF, ED, BW, AT, and RfD represents the daily ingestion intake
doses, ion concentrations (mg/L), daily ingestion rate (0.6 L/day for children, 1.0 L/day
for adults), exposure frequency (365 days/year), exposure duration (12 and 25 years for
children and adults), body weight (16 and 56 kg for children and adults), average time for
non–carcinogenic effect (4380 and 10950 days for children and adults), reference dose of
different ions (0.04, 1.6, and 0.97 ppm/day for F−, NO3

−, and NH4
+), respectively. If the

HQ of each ion (or total hazard quotient, HQt) is >1, the local people will be threatened by
the corresponding ion–derived risk.

2.4. Software for Data Analyses

For the statistical analyses of riverine ion concentrations and other parameters, the
principal component analysis (PCA, a common method for exploring the potential origins
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of ions) and Piper diagram analysis were carried out by SPSS 21.0. All the data–based
figures were illustrated by Origin 2018.

3. Results and Discussion

3.1. Overview of Hydrochemical Compositions

The hydrochemical compositions and parameters of all river water samples are pre-
sented in Table S1, with the statistical results, including ranges, and mean values of these
data summarized in Table 1. The pH values ranged from 7.63 to 8.87 (mean value 8.35),
presenting the slightly alkaline river waters, further indicated that the inorganic carbon
species was dominated by bicarbonate (HCO3

−) based on the carbonate equilibrium, while
CO3

2− and dissolved CO2 were negligible. The EC value averaged 403 μS/cm with a range
of 128~738 μS/cm. The ionic balance was also applied for the river water samples, that
is, the total cation concentration (TZ+ = Na+ + K+ + Mg2+ + Ca2+, in meq/L) and total
anion concentration (TZ− = F− + Cl− + NO3

− + SO4
2− + HCO3

−, in meq/L) of river water,
which presented well ion balances (R2 = 0.987, p < 0.01). The normalized ionic charge
balance ([TZ+−TZ−]/TZ−) is smaller than 11% (Table S1), suggesting the potential effect
of the organic anionic species [22] like oxalate.

Table 1. Statistical result of hydrochemical compositions, parameters, δ34S values, SAR, Na%, and RSC of Chishui River water.

Unit Min Max Mean SD Chinese Guideline b WHO Guideline b

Whole basin
pH 7.63 8.87 8.35 0.27 6.5–8.5 6.5–8.5
EC μS/cm 128 738 403 117 — —
T ◦C 8.6 14.7 10.8 1.4 — —

DO mg/L 0.40 9.38 8.18 1.52 — —
Na+ mmol/L 0.06 0.78 0.30 0.17 — —
K+ mmol/L 0.02 0.19 0.05 0.03 — —

Mg2+ mmol/L 0.08 1.56 0.48 0.26 — —
Ca2+ mmol/L 0.44 2.79 1.54 0.46 — —
F− mmol/L 0.00 0.02 0.01 0.00 0.05 0.08
Cl− mmol/L 0.04 0.55 0.18 0.14 7.05 7.05

NO3
− mmol/L 0.002 0.750 0.193 0.130 1.428 3.570

SO4
2− mmol/L 0.20 2.64 0.85 0.41 2.60 2.60

HCO3
− mmol/L 0.52 5.49 2.22 0.79 — —

NH4
+ a mmol/L 0.000 0.010 0.003 — 0.036 0.107

δ34S–SO4
2− ‰ −7.79 22.13 4.68 6.21 — —

SAR 0.04 0.61 0.21 0.11 — —
Na% 1.27 19.02 6.98 3.41 — —
RSC −5.26 −0.49 −1.81 0.88 — —

Main stream
pH 7.63 8.87 8.36 0.28
EC μS/cm 381 480 428 32
T ◦C 9.5 14.7 11.0 1.4

DO mg/L 6.85 9.35 8.34 0.67
Na+ mmol/L 0.06 0.78 0.30 0.18
K+ mmol/L 0.03 0.07 0.05 0.01

Mg2+ mmol/L 0.34 0.90 0.52 0.13
Ca2+ mmol/L 1.13 1.96 1.62 0.23
F− mmol/L 0.00 0.01 0.01 0.00
Cl− mmol/L 0.05 0.55 0.19 0.15

NO3
− mmol/L 0.002 0.750 0.207 0.156

SO4
2− mmol/L 0.54 1.35 0.89 0.19

HCO3
− mmol/L 1.47 3.09 2.38 0.38

δ34S–SO4
2− ‰ −7.79 14 2.84 5.36

SAR 0.04 0.61 0.21 0.14
Na% 1.27 19.02 6.53 4.31
RSC −2.94 −0.79 −1.92 0.48
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Table 1. Cont.

Unit Min Max Mean SD Chinese Guideline b WHO Guideline b

Tributaries
pH 7.75 8.75 8.34 0.27
EC μS/cm 128 738 379 160
T ◦C 8.6 13.1 10.5 1.3

DO mg/L 0.40 9.38 8.03 2.04
Na+ mmol/L 0.12 0.75 0.29 0.16
K+ mmol/L 0.02 0.19 0.05 0.04

Mg2+ mmol/L 0.08 1.56 0.42 0.35
Ca2+ mmol/L 0.44 2.79 1.44 0.61
F− mmol/L 0.00 0.02 0.01 0.00
Cl− mmol/L 0.04 0.53 0.17 0.13

NO3
− mmol/L 0.017 0.422 0.178 0.094

SO4
2− mmol/L 0.20 2.64 0.82 0.57

HCO3
− mmol/L 0.52 5.49 2.04 1.07

δ34S–SO4
2− ‰ −6.33 22.13 6.51 6.59

SAR 0.11 0.39 0.21 0.07
Na% 4.08 10.77 7.48 2.02
RSC −5.26 −0.49 −1.68 1.18

Note: a the data of concentration is from [23]; b the unit of related values in Chinese guideline and WHO guideline are converted to mmol/L.

The major chemical ions of the Chishui River water are presented in Figure 2. It is
very distinct that the principal cation in Chishui River is Ca2+, which accounts for 71 ± 6%
(mean ± SD) of the cations, followed by Mg2+ (21 ± 6%) and Na+ + K+ (8 ± 3%). The anions
sequence is HCO3

− (55 ± 9%) > SO4
2− (41 ± 9%) > Cl− (4 ± 3%). HCO3

− is therefore
the predominant anion in Chishui River, which is a widely confirmed product (as well
as riverine Ca2+ and Mg2+) of CO2–associated weathering process without the influence
of anthropogenic pollution [13,24]. The massive carbonate sedimentary rock distribution
in such a karst landscape river watershed creates the advantageous conditions for the
chemical weathering of Ca/Mg–contented rock. Although the lower reaches flow through
the area where the siliciclastic sedimentary rock developed, the inheritance of river water
will make the lower reach reveal the characteristics of dissolved loads from upper and
middle streams. Generally, the weathering rate of carbonate rock is much higher than other
rocks in the same situations [25,26], implying that the HCO3

−, Ca2+, and Mg2+, derived
from carbonate sedimentary rock weathering and exported into Chishui River in upper–
middle stream, are far more than the potential Na+ and K+ originated from the weathering
of siliciclastic sedimentary rock in the lower stream. Therefore, the hydrochemical type of
Chishui River water is a Ca–Mg–HCO3

− type controlled by carbonate weathering, which
is highly in agreement with the studies of the whole Changjiang River (Yangtze River)
basin (Figure 2).
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Figure 2. Piper diagrams representing the percentages of hydrochemical species in Chishui River
(including 2 water samples collected in Changjiang River before and after the Chishui River drained
into, the solid gray circle) and Changjiang River (data reported by previous studies [10,27–30]).

The potential sources of riverine SO4
2− mainly include weathering process, atmo-

spheric precipitation, industrial/mining activities, and sewage inputs [10]. Chemical
weathering related studies have found that the accelerated carbonate dissolution occurred
with relatively high SO4

2− concentrations (as an agency of weathering processes) in the
karst region [31,32]. Thus, the considerable fraction of SO4

2− (41 ± 9%, close to HCO3
−)

is non–negligible.

3.2. Source of Fluvial Solutes
3.2.1. Stoichiometry–Revealed Sources of Solutes

In hydrochemistry studies, the high Cl− concentration could be applied as a significant
index of anthropogenic inputs (mainly in urban area) and domestic sewage [33]. Generally,
the river nitrate originated from agricultural synthetic fertilizers exhibits a high NO3

−
concentration and a high value of NO3

−/Cl− ratio, while the domestic sewage presents
low NO3

−/Cl− ratio and high concentration of Cl− due to highly organic matter [34]. As
shown in Figure 3a, the high NO3

–/Cl– ratio and low level of Cl− concentration (range
0.04~0.55 meq/L, mean value 0.18 ± 0.14 meq/L) were observed in all water samples of
Chishui River, suggesting the major contribution by agricultural input (fertilizer), which can
be supported by the large distribution area of cropland (~19.6%) in the whole watershed [7].
By contrast, the potential Cl− inputs from the anthropogenic domestic sewage in urban
region may be assuaged by various landscape setting and the well–mixed processes of
river water, further resulting in a low concentration of riverine Cl−. Moreover, although
previous work have revealed that rainwater NO3

− could be a significant contributor (even
up to 71%) of riverine NO3

− during storm–frequency season [35], however, the river water
NO3

− concentration (0.19 ± 0.13 meq/L) in the study period (dry season) was much
higher than the karst rainwater NO3

− concentration (typically < 0.04 meq/L) [36–38].
Therefore, the contribution of wet deposition to Chishui River water NO3

− is very limited.
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In addition, the river water SO4
2−/Ca2+ ratios were much higher than the NO3

−/Ca2+

ratios (Figure 3b), indicating an additional potential impact of industrial activities and
mining (e.g., pyrite in middle reaches) on fluvial solutes [39,40].

Figure 3. The relationship between Cl− and NO3
−/Cl− ratios (a), NO3

−/Ca2+ ratios and
SO4

2−/Ca2+ ratios (b), Ca2+/2Na+ ratios and HCO3
−/Na+ ratios (c), [Ca2+ + Mg2+]/HCO3

− ratios
and SO4

2−/HCO3
− ratios (d) in Chishui River watershed.

The weathering–derived major ions always present typical ratios, thus the ratios
of Ca2+/Na+ and HCO3

−/Na+ are the useful index to track the weathering origins of
ions [13,19]. The Ca2+/Na+ and HCO3

−/Na+ ratios of Chishui River water were scattered
between the silicate and carbonate end–members and more inclined to the carbonate
source (Figure 3c), implying the leading role of carbonate weathering products on riverine
ions with a slightly mixing process of silicate weathering products. It is noteworthy
that the two samples form Changjiang River were more trended to silicate end–members
(Figure 3c), indicating the differentiated weathering contributions of various rocks in upper
Changjiang River.

According to the chemical reaction equation between carbonate minerals
(CaxMg(1−x)CO3) and H2SO4 or H2CO3 (H2O + CO2), the relationships between the
[Ca2+ + Mg2+]/HCO3

− ratios and SO4
2−/HCO3

− ratios could reveal specific weathering
process. If the CaxMg(1−x)CO3 are only weathered by H2CO3, the SO4

2−/HCO3
− should

be ~0 and the [Ca2+ + Mg2+]/HCO3
− ratio should be ~1. However, when only sulfuric

acid is involved in chemical weathering of carbonate minerals, the SO4
2−/HCO3

− ≈ 1
and [Ca2+ + Mg2+]/HCO3

− ≈ 2. In Figure 3d, most of samples distributed between the
two types of acid–involved weathering results, implying that both H2SO4 and H2CO3
weathering processes occurred. The samples were relatively closer to the H2SO4–involved
weathering results, indicating the importance of sulfuric acid weathering processes, which
may notably accelerate the rock dissolution. The generally low Mg2+/Ca2+ ratios (<0.5)
of most river water samples further distinguished the contributions of different types of
carbonate minerals, that is, the riverine Ca2+ and Mg2+ were primarily controlled by calcite
dissolution (the dolomite dissolution dominated river water Mg2+/Ca2+ ≈ 1) [26]. In con-
trast, if the extensive silicate weathering occurs, the [Ca2+ + Mg2+]/HCO3

− ratios will de-
creased and the sample points in Figure 3d will move downwards systematically due to the
simultaneously production of Na+, K+, HCO3

−, and SO4
2− in silicate weathering [11,41].
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However, there were no samples with [Ca2+ + Mg2+]/HCO3
− < 1 found in Chishui River,

further reflecting the negligibility of silicate weathering contribution. In addition, all
samples were completely above the gypsum dissolution line ([Ca2+ + Mg2+]/SO4

2− = 1)
(Figure 3d), demonstrating the limited contribution of gypsum dissolution to riverine so-
lutes [19,42]. Similar to H2SO4, the nitric acid (HNO3) could also accelerate the weathering
processes via dissolving the minerals [1], particularly in a small karst watershed scale with
high nitrate loads [15,17,18]. Given the NO3

− concentration much lower than HCO3
− and

SO4
2− concentration (Table 1), here we concluded that the HNO3–related rock weathering

was also relatively limited.
According to low concentrations of riverine K+ (0.05 mmol/L), F− (0.01 mmol/L), and

NH4
+ (0.003 mmol/L) [23], these three ions related ratios were not presented in Figure 3.

Even so, previous studies have concluded that K+ is contributed both by rock weathering
(silicate) and human emissions [10,41,43]. Thus, here we hold the opinion that K+ is mainly
controlled by rock source in such a low riverine K+ level (anthropogenic input is negligible)
in Chishui River. Riverine F− is also primarily originated from bedrocks [44]. As for
NH4

+, the agriculture–related processes, mainly ammonia–contained fertilizer, can be an
interpretation for the samples with relatively high ammonia concentration [45].

3.2.2. PCA Analysis

The PCA was used to further explore the potential sources of riverine ions in Chishui
River. Three principal components (PCs) with eigenvalues exceeding 1 were distinguished
and illustrated in Figure 4, with more details presented in Table 2. These three PCs contained
a total of 79.67% variance. The PC 1, PC 2, and PC 3 accounted for 33.8%, 23.9%, and
23.1% of total variances, respectively. Four ions (K+, Mg2+, F−, and HCO3

−) as well
as EC presented notably positive loadings in PC 1, and the relatively strong loading
of Ca2+ (0.48) is also found in PC 1 (Figure 4 and Table 2). Based on the stoichiometry
discussed in Section 3.2.1, here we infer that PC 1 was mainly contributed by natural rock
weathering inputs in the Chishui River watershed due to the high loadings of feature
ions of rock weathering (primarily carbonate) [46]. Na+ and Cl− presented clear positive
loadings in PC 2, but these two ions were weakly loaded in PC 1 (natural source) and PC 3
(SO4

2−—dominated human inputs). Combined with the negligible contribution of silicate
weathering and the limited anthropogenic Cl− inputs mentioned before, the atmospheric
input/deposition could be a reasonable contributor, which is also supported by previous
studies [42]. The strongest loadings of SO4

2− and NO3
− were observed in PC 3 (Figure 4),

considering as typical anthropogenic inputs. It is noteworthy that the PC 3 also presented a
significantly positive loading of Ca2+, further supporting the H2SO4–involved weathering
processes. Additionally, the same positive loading of EC (reflect total riverine ion content)
was found in PC 1 and PC 3 (Table 2), indicating that the contribution of natural and
anthropogenic sources to total fluvial ions was comparable.

3.3. Sulfur Isotope–Based Source Identification of Riverine Sulfate

Although limited impact of fluvial SO4
2− for drinking and irrigation purpose is re-

ported, the potential accelerated weathering may result in more solutes input to river
system, which further causes other environmental issues (e.g., carbon source/sink vari-
ations) [11]. Therefore, to further constrain the SO4

2− sources, the effective indicator
δ34S–SO4

2− was applied. Generally, the riverine SO4
2− is derived from four sources: at-

mospheric inputs (mainly rainwater); sulfide oxidation (e.g., pyrite); human inputs (e.g.,
agricultural fertilizers, sewage, and industrial effluent); gypsum dissolution (a kind of
evaporitic rock) [12,14,47]. These four sources can be well constrained by combining the
distinguished δ34S–SO4

2− values and SO4
2− concentrations (Figure 5).

The sulfur isotope compositions of atmospheric depositions in south China were
well explored in previous studies, such as the 950–day based study in Wuhan urban
area (δ34S–SO4

2− = +4.5 ± 1.3‰) [48], rainwater in Sichuan Basin (δ34S–SO4
2− = +1.5~

+ 6.0‰) [49], and the rainwater sulfur isotope study carried out in a karst agricultural
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catchment (δ34S–SO4
2− = +1.3 ± 6.2‰) [50]. Based on the similar geographical loca-

tion, climatic condition, lithology and agriculture–dominated industrial structure, the
rainwater δ34S–SO4

2− values (+1.3 ± 6.2‰) of the karst agricultural catchment can be
regarded as an atmospheric input end–member. The sulfide oxidation derived SO4

2−
usually inherit the sulfur isotope compositions of the initial sulfide due to limited isotope
fractionation during oxidation processes [19]. The average δ34S–SO4

2− value of pyrites
in the study area (Sichuan, Guizhou, and Yunnan provinces) was −7.8‰ [51], which is
within the typical range of sulfide (−13.0~−1.1‰) [19]. Moreover, although the sulfide
oxidated SO4

2− concentrations were rarely reported in the study area, previous work have
shown that its concentration should be exceed 0.1 mol/L [47], even up to 2 mol/L, that is,
1/[SO4

2−] = 0.5~10. The anthropogenic inputs, mainly including agricultural fertilizers,
domestic and industrial sewage, present a wide range of sulfur isotope compositions.
Therefore, the typical δ34S–SO4

2− values of water in farmland and livestock farm areas
(+2.8~+13.9‰) were regarded as the end–member of human inputs [12,52], and the poten-
tially high SO4

2− concentration (1/[SO4
2−] below ~17.5) [19] was selected to distinguish

the overlapped part of the δ34S–SO4
2− values with atmospheric input. Moreover, the

gypsum dissolution source presented the highest δ34S–SO4
2− value (up to ~+30‰) [2] and

high SO4
2− concentration.

Figure 4. The 3D plot of factor loadings of Chishui River ions and other parameters.

As shown in Figure 5, the ternary diagram presented the relative contributions of
different origins to fluvial SO4

2− via the relationship between δ34S–SO4
2− values and

1/[SO4
2−], this is, riverine SO4

2− were controlled by the sources of human inputs and
sulfide oxidation. The middle–stream–distributed pyrite deposits and the relatively high
population density (282 persons per km2) and wide urbanization area (1.2%) [7,23,40] also
underpinned these results. It is noteworthy that four samples were distributed over the
range of human inputs and tended into the gypsum dissolution sources (Figure 5). This
suggests the potential influence of gypsum dissolution on river water in some sampling
sites to a certain extent, but it was negligible on a whole watershed scale, which was also
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supported by previous work [19]. Although the range of δ34S–SO4
2− value of atmospheric

inputs was partially overlapped with other sources, the much lower SO4
2− concentrations

of atmospheric source were significantly separated from human input and sulfide oxidation
sources (Figure 5), confirming again that the contribution of atmospheric inputs to riverine
sulfate was very limited. This can also be supported by the average investigation results of
global rivers (atmospheric input contributed to ~3% sulfate) [13]. In comparison, the water
samples obtained in larger–scale Zhujiang River watershed (originated in karst region
of Guizhou province) in Figure 5 presented a distribution closer to the sulfide oxidation
end–member, with some samples trended to the atmospheric source [11], indicating a
complicated mixing processes and differential contributions of sulfate sources in different
scaled catchments.

Table 2. Varimax rotated component matrix for water ions in Chishui River.

Eigenvalues 5.78 2.03 1.07 Communalities
Variance (%) 33.80 23.90 23.10

Cumulative (%) 33.80 57.70 80.80
Variable PC 1 PC 2 PC 3

EC 0.69 0.19 0.69 0.97
Na+ 0.27 0.84 0.33 0.88
K+ 0.75 0.40 0.14 0.75

Mg2+ 0.91 0.14 0.28 0.92
Ca2+ 0.48 0.01 0.85 0.95
F− 0.70 0.21 0.26 0.61
Cl− 0.33 0.80 0.24 0.81

NO3
− −0.13 −0.54 0.40 0.47

SO4
2− 0.19 0.09 0.92 0.90

HCO3
− 0.94 0.14 0.10 0.92

Note: Extraction method: Principal component analysis; Rotation method: Varimax with Kaiser normalization;
The significance of KMO and Bartlett’s sphericity test is <0.001.

Figure 5. The relationship between δ34S–SO4
2− values and SO4

2− concentrations revealing the
mixing processes of riverine sulfate from different sources. The data of Zhujiang River is from [11].
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3.4. Water Quality and Risk Assessment
3.4.1. Irrigation and Guideline–Based Water Quality

Chishui River servers as primary water resources of the agriculture, industry, and
local residents (population > 5 million). As summarized in Table 1, according to the
Chinese and WHO drinking water quality guidelines, the desirable pH value for drinking
is recommended between 6.5~8.5, thus most of the water samples (81.6%) had suitable pH
values (Table S1). The high pH values (>8.5) of partial samples were mainly caused by
carbonate weathering. Most of the guidelines–covered ions, including F−, Cl−, NO3

−, and
NH4

+ of all river water samples were below the recommended limits. However, although
the average value of riverine SO4

2− (0.85 mmol/L) was lower than that of guidelines
limits (2.60 mmol/L), the maximum value of riverine SO4

2− (2.64 mmol/L) exceeded the
permissible limits, which needs more attention. The previous study on trace metal also
assessed the 19 metals–based water quality index (WQI) of Chishui River, which showed
the assessment results of excellent water quality (WQI < 50, only from the perspective of
metals) without extensive trace metal contamination [7].

The Na% and SAR indicators can reflect the Na hazard to agricultural land by
irrigation–influenced soil aggregate [19]. According to the calculated SAR and Na% val-
ues, all water samples in the Chishui River could be regarded as excellent/good qual-
ity (SAR < 0.61; Na% < 19.0%) with no samples out of the desirable limits (SAR = 1;
Na% = 30.0%). For the residual sodium carbonate (RSC), there was no water samples
present a RSC value exceeded 1.25 (Table S1), indicating the well suitability of irrigation
water. Moreover, the United States Salinity Labortory (USSL) diagram and Wilcox diagram
were plotted based on the EC, SAR, and Na% values (Figure 6), and all the Chishui River
water samples were scattered in the C1S1 and C2S1 zone of USSL diagram and the “Ex-
cellent to Good’ area of Wilcox diagram. Overall, the Chishui River water is desirable for
agricultural irrigation and will not bring about the soil hazard. However, the continuous
long–term monitoring is still a worthy mission due to the enhanced human activities.

Figure 6. Irrigation water quality assessment alkalinity and salinity: (a) United States Salinity
Labortory (USSL) diagram and (b) Wilcox diagram.

3.4.2. Health Risk Assessment

Among the major ions in natural water, excessive exposure (ingestion intake) of F−,
NO3

−, and NH4
+ can cause typical non–carcinogenic hazards, while SO4

2− does not result
in health issue [11]. Thus, riverine F−, NO3

−, and NH4
+ were involved in the health risk

assessment in this study. The average concentration–based HQ values were calculated
and presented in Figure 7. The HQ values of three assessed ions were in the order of
HQ–NO3

− (0.28 ± 0.19) > HQ–F− (0.13 ± 0.06) > HQ–NH4
+ (0.002 ± 0.000) for children

and HQ–NO3
− (0.11 ± 0.07) > HQ–F− (0.05 ± 0.02) > HQ–NH4

+ (0.001 ± 0.000) for adult.
The results were similar to other researches [44], that is, NH4

+ occupied a tiny part of the
total HQ, while NO3

− and F− were the majority. For both children and adults, HQs of each
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ion and total HQ were all lower than the hazard level (<1), indicating a lower health risk of
assessed ions. It is noteworthy that the HQ value for children was always higher than that
for adults, implying that children were facing higher risks from riverine ions compared
to adults. In addition, the potential harmful health effects can also occur if the HQ value
is greater than 0.1 for children [21]. Therefore, the riverine ion–related health risk is not
completely negligible, particularly for children.

Figure 7. Non–carcinogenic health risk assessment of fluorine, nitrate, ammonia in Chishui River water.

4. Conclusions

The present study aimed to investigate hydrochemical compositions and sulfur isotope
compositions of Chishui River water, southwest of China. Based on the isotope tracer,
stoichiometry and PCA method, the sources of major ions were identified. The rock (mainly
carbonate) weathering inputs were the primary sources of K+, Mg2+, Ca2+, F−, HCO3

−,
and atmospheric contribution was the source of Na+ and Cl−, while the anthropogenic
input was responsible for SO4

2− and NO3
−. Sulfur isotope compositions further reflected

the relative contribution of different sources, that is, the contribution of human inputs
(main) and sulfide oxidation controlled the riverine SO4

2−, but the input of atmospheric
deposition was limited. Both the water quality and hazard quotient assessment produced
good results, indicating the suitable aims of river water for drinking and irrigation. This
work and the possible continuing study would be benefit to the prevention of watershed
water environment and further help planning the sustainable water resources in Chishui
River watershed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13091231/s1, Table S1: The water parameters, major ion compositions, δ34S–SO4

2− values,
SAR, Na%, RSC, [TZ+ − TZ−]/TZ− of Chishui River.
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Abstract: Germanium/Silicon (Ge/Si) ratio is a common proxy for primary mineral dissolution and
secondary clay formation yet could be affected by hydrothermal and anthropogenic activities. To
decipher the main controls of riverine Ge/Si ratios and evaluate the validity of the Ge/Si ratio as
a weathering proxy in the Tibetan Plateau, a detailed study was presented on Ge/Si ratios in the
Yarlung Tsangpo River, southern Tibetan Plateau. River water and hydrothermal water were collected
across different climatic and tectonic zones, with altitudes ranging from 800 m to 5000 m. The
correlations between TDS (total dissolved solids) and the Ge/Si ratio and Si and Ge concentrations
of river water, combined with the spatial and temporal variations of the Ge/Si ratio, indicate that
the contribution of hydrothermal water significantly affects the Ge/Si ratio of the Yarlung Tsangpo
River water, especially in the upper and middle reaches. Based on the mass balance calculation, a
significant amount of Ge (11–88%) has been lost during its transportation from hydrothermal water to
the river system; these could result from the incorporation of Ge on/into clays, iron hydroxide, and
sulfate mineral. In comparison, due to the hydrothermal input, the average Ge/Si ratio in the Yarlung
Tsangpo River is a magnitude order higher than the majority of rivers over the world. Therefore,
evaluation of the contribution of hydrothermal sources should be considered when using the Ge/Si
ratio to trace silicate weathering in rivers around the Tibetan Plateau.

Keywords: Ge/Si ratio; Yarlung Tsangpo; Tibetan Plateau; hydrothermal input; silicate weathering

1. Introduction

Chemical weathering regulates atmospheric CO2 and the Earth’s habitability on a
long-term scale [1,2]. Since Raymo and Ruddiman proposed the role of tectonic uplift on
silicate weathering and global climate cooling during the Cenozoic era [3], the Tibetan
Plateau has received considerable attention [4–9]. Given that rivers integrate dissolved
and solid weathering products, river geochemistry studies could shed light on weathering
processes and fluxes at the basin/global scale [5,10–15].

Ge/Si ratios have been widely used as a silicate weathering tracer [16–23]. Ge is
a trace element in silicate minerals, with similar geochemical properties to Si [24]. The
redistribution of Ge and Si during mineral dissolution and secondary clay formation could
result in variations in the Ge/Si ratio in river water and soil [17]. Generally, Ge is more
enriched in secondary clays than Si [17,18,25–29]; thus, the Ge/Si ratio of river water is
lower than that of soil and silicate rock [16].

For rivers on the Tibetan Plateau, the controls of the Ge/Si ratio in river water are
much more complex and could be affected by multiple factors such as silicate weathering,
hydrothermal water discharge, sulfide weathering, and fly coal ash [30,31]. Previous
studies have reported the Ge/Si ratio in river water on the Tibetan Plateau, generally higher
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than the global average [23,30,31]. The elevated riverine Ge/Si ratio in the three river
regions (Yangtze, Salween, and Mekong) is due to high hydrothermal activity, while in
the Huang He and Hong Rivers, it may reflect the weathering of sulfide and coal-bearing
minerals [23,31]. The Narayani River rises in the Great Himalaya Range in Nepal, where
the Ge/Si ratio of river water is increased due to the input of the Ge-enriched hydrothermal
water. Hydrothermal activities are prevailing on the southern Tibetan Plateau, forming a
2000 km long hydrothermal belt [32]. However, the proportion of hydrothermal Ge in river
water and the controls and degrees of geochemical processes on the dissolved Ge/Si ratio
variation at the basin scale in the southern Tibetan Plateau remains unclear.

In this study, river water and hydrothermal water samples were systematically col-
lected in the Yarlung Tsangpo River, southern Tibetan Plateau. The Ge/Si ratios in the
Yarlung Tsangpo River water show a very high level. The spatial and temporal variation
of the Ge/Si ratio and the main controls of Ge/Si ratios in the Yarlung Tsangpo River
water are discussed to evaluate the influence of hydrothermal input on the riverine Ge/Si
ratio. Combing the literature data, the validity of the dissolved Ge/Si ratio as a silicate
weathering proxy is evaluated.

2. Materials and Methods

2.1. General Settings

The Yarlung Tsangpo River is located in the southern part of Qinghai-Tibetan Plateau,
with an average elevation above 4000 m. It originates from the Jemayangzong Glacier
at the northern foothills of the Himalayas and traverses Tibet from west to east. At the
Eastern Himalayan Syntaxis, the river changes the direction to the south, forming one of
the world’s largest canyons, the Yarlung Tsangpo Grand Canyon. The Yarlung Tsangpo
River drains an area of 239,228 km2, accounting for 20% of the total area and about 40.8%
of the total river outflow in Tibet [33].

The strong “curtain effect” by the Himalayas prevents the wet moisture from the
Indian Ocean. The upper reaches of the Yarlung Tsangpo River are subject to the plateau’s
semi-arid climate, and the middle reaches of the Yarlung Tsangpo River are characterized
by a temperate climate. The warm and humid airflow from the Indian Ocean is transported
through the lower reaches, forming a humid subtropical climate there. The rainfall mainly
occurs from June to September, accounting for 65–80% of the annual precipitation [34].
Rainwater, glacial meltwater, and groundwater are the main sources of river water.

The Yarlung Tsangpo Suture Zone separates two distinct tectonic areas in the Yarlung
Tsangpo River Basin, which are the Himalayan Block in the south and the Lhasa Block
in the north (Figure 1). The northern boundary of the Yarlung Tsangpo Suture Zone is
the Gangdise belt, a large and complex rock body consisting of granite, granodiorite,
and quartz diorite. The geochemical compositions of the granite rocks in the Gangdise
belt are as follows: SiO2 (56.04–77.01%), TiO2 (0.06–1.40%), Al2O3 (12.00–24.13%), FeO
(0.41–7.45%), MnO (0.01–0.18%), MgO (0.08–4.69%), CaO (0.54–8.50%), Na2O (2.28–4.79%),
K2O (0.39–6.52%), and P2O5 (0.01–0.27%) [35]. A 2000 km length ophiolite belt, which
includes ultramafic mafic rocks, diabase, gabbro, quartz schist, marble, and exotic gneiss
blocks, is located on the southern side of the Yarlung Tsangpo Suture Zone. The geochemical
compositions of the ophiolitic rocks are as follows: SiO2 (45.10–57.32%), TiO2 (0.13–4.41%),
Al2O3 (2.88–18.51%), FeO (1.32–13.25%), MnO (0.052–0.28%), MgO (4.58–21.66%), CaO
(3.60–23.27%), Na2O (0.10–4.22%), K2O (0.045–7.42%), and P2O5 (0.006–0.879%) [36]. Due
to continental collision between the South Asian Plate and the Eurasian Plate, there is
an active Tethys Himalayan hydrothermal zone along the Yarlung Tsangpo Suture Zone.
This hydrothermal zone possesses the most intensive hydrothermal activities in China and
accounts for 80% of the hydrothermal resource in Tibet [37].
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Figure 1. Sketch map of the study area and sampling sites.

2.2. Sampling and Data Measurement

The mainstream and tributary river waters and hydrothermal waters were collected
in the Yarlung Tsangpo River in the high-flow period, 2018. Moreover, weekly samples
were collected for the Xiangqu River, a tributary in the middle reach of the main channel.
The longitude and latitude, as well as the elevation of the sampling site, were recorded by
GPS (GARMIN-RINO 650). The water temperature and pH were measured in the field by a
portable EC/pH meter (YSI 6600). River water samples were collected at about 5 to 10 cm
below the water surface. Water samples were filtered on-site immediately with 0.22 μm
Millipore cellulose acetate membranes. Filtered samples were stored in a high-density
polyethylene bottle for Cl−, SO4

2− and dissolved Si concentration measurement. These
containers were pre-cleaned with HNO3 and ultrapure water (18.2 MΩ). An aliquot of
samples was pre-acidified with HNO3 to pH < 2 for Ge concentration determination.

The dissolved silicon concentration was determined using a molybdate-blue method
by spectrophotometry. The measurement uncertainty of spectrophotometry was evaluated.
The lab-made silicon standard solution with a known concentration was used (n = 50).
After the same experimental procedure as the water sample, the measurement uncertainty
was within 0.61%. Germanium concentration was measured by Perkin Elmer inductively
coupled plasma mass spectrometry (model Elan DRC-e) with an uncertainty of less than 5%.
The sample solution was introduced by a PFA MicroFlow nebulizer and a cyclonic spray
chamber (PC3 Peltier Chiller) with a gas flow of 0.78 L min−1. The readings and replicate
numbers were 1 and 3, respectively. The direct analysis of trace Ge in river samples by ICP-
MS is still a challenging task because major isotopes of 70Ge (20.51%), 72Ge (27.4%), and 74Ge
(36.56%) are all subject to severe polyatomic interferences. Because 72Ge+ was only subject to
polyatomic interferences, 72Ge+ was chosen as the test target. By using CH4 as the reaction
gas in the dynamic reaction cell (DRC), the significant interferences, including polyatomic
ions 36Ar2+, 56Fe16O+, 40Ar32S+, 40Ar16O2+, and 55Mn16OH+ on 72Ge+ determination could
be successfully reduced [38]. Reproducibility (RSD) was generally less than 5% based on
repeated analyses. For river water with a relatively low Ge concentration, samples were
concentrated 100 times to match the detection limit. In parallel to the sample treatment
procedure, all the reagent and procedural blanks were determined. Each calibration curve
was evaluated by the analysis of quality control (QC) standards before, during, and after the
analysis of each sample group. The chloride and sulfate concentrations were determined
by Dionex Ion Chromatography (model ICS-1500) with uncertainty within 8%. All sample
analysis in this study was completed in the Hydrochemistry and Environmental Laboratory
at the Institute of Geology and Geophysics, Chinese Academic of Sciences.
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3. Results

Data in this study are presented in Tables 1 and S1. The river water is weakly alkaline,
and the pH values range from 7.25 to 9.01 (n = 45). The total dissolved solids (TDS) of
river water range from 14 to 233 mg/L, Cl− concentration of river water range from 46 to
1392 μmol/L, showing a decreasing trend from upstream to downstream. The ranges of Si
and Ge concentration of river water are between 17 and 284 μmol/L and 0.1 × 10−3 and
4.6 × 10−3 μmol/L.

For hydrothermal waters, the TDS shows a large variation from 322 to >2000 mg/L,
significantly higher than that of river water. The pH value of hydrothermal water ranges
from 6.99 to 8.72, and the temperature varies from 43 to 90 ◦C. The Si concentration ranges
from 598 to 2943 μmol/L, with an average value of 1399 μmol/L, which is ~13 times higher
than that of river water.

Spatially, the Ge/Si ratios of river water range from 0.1 to 31.6 μmol/mol (n = 45)
(Ge/Si are in 10−6 atom ratios hereinafter), the average value is at 7.8, an order of magnitude
higher than the global average (0.6 ± 0.06, [16]). The Ge/Si value of mainstream water
ranges from 2.9 to 17.1 (n = 11). The Ge/Si ratios present significant spatial variation
in the Yarlung Tsangpo River Basin. In the upper and middle reaches, the river water
presents a relatively high level of Ge/Si ratio (average at 13.2 and 8.8, respectively). The
maximum Ge/Si value (Ge/Si = 31.60) appears in the Duilongqu (MT14), where the
Yambajan Geothermal Field is located. The downstream river waters present relatively
low Ge/Si ratios (average at 4.2). The lowest Ge/Si ratio is in Niequ (ST6, Ge/Si = 0.7);
this might be because the river water of Niequ is mainly supplied by glacier meltwater
and rainwater.

Hydrothermal waters in the Yarlung Tsangpo River Basin are enriched in Ge and Si,
which span a large range of 99 to 533 × 10−3 μmol/L and 598 to 2943 μmol/L, respec-
tively. Accordingly, there is a large range of Ge/Si ratio of 124 to 308 (average at 182) in
hydrothermal water, which is 23 times higher than the average value of river water.

Table 1. Chemical compositions of river and hydrothermal water in the Yarlung Tsangpo.

Sample
Altitude

pH
T TDS Ge Si Ge/Si Cl− SO4

2−
(m) (◦C) (mg/L) (10−3 μmol/L) (μmol/L) (10−6 mol/mol) (μmol/L) (μmol/L)

Mainstreams
M7 3685 8.54 13 166 2.8 163 17.1 256 440
M6 3738 8.64 17 156 0.6 154 4.0 228 423
M5 3856 8.56 20 156 1.8 169 10.6 239 392
M4 4001 8.65 14 160 0.9 147 5.9 288 514
M3 4489 8.51 13 146 1.3 145 9.1 283 495
M2 4567 8.74 7 121 2.4 148 16.4 268 216
M1 4637 8.05 10 196 1.6 187 8.6 1392 303
M8 3552 8.56 18 117 1.2 144 8.5 198 371
M9 3171 8.63 17 115 0.4 131 2.9 187 377

M10 2964 8.35 19 111 0.4 106 4.0 137 312
M11 2926 7.83 15 65 0.5 94 5.1 67 198

Main tributaries
MT1 3621 8.54 14 135 0.8 284 2.9 200
MT2 3890 8.32 13 105 3.3 175 18.9 127
MT3 4570 7.96 13 143 1.5 106 13.9 419
MT4 3558 9.01 10 233 1.0 99 9.9 172
MT5 2726 8.41 10 66 0.2 39 3.9 65
MT6 2982 8.22 13 25 0.2 70 2.6 55
MT7 3694 8.11 17 107 4.6 219 21.1 170
MT8 3807 8.39 14 170 0.7 141 4.8 200
MT9 3943 8.18 20 112 1.8 145 12.4 235

MT10 4595 8.02 6 105 1.5 124 11.8 216
MT11 3903 8.14 24 115 0.6 177 3.6 209
MT12 4587 8.60 10 111 3.1 199 15.4 151
MT13 4300 8.51 10 158 4.5 150 29.7 343
MT14 3745 7.25 15 129 4.6 145 31.6 606
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Table 1. Cont.

Sample
Altitude

pH
T TDS Ge Si Ge/Si Cl− SO4

2−
(m) (◦C) (mg/L) (10−3 μmol/L) (μmol/L) (10−6 mol/mol) (μmol/L) (μmol/L)

Small tributaries
ST1 3229 8.30 6 54 0.3 53 5.8 201 650
ST2 3444 8.08 10 27 0.2 42 3.6 58 44
ST3 2790 8.02 9 51 0.1 57 2.3 58 174
ST4 3390 8.20 9 56 0.3 40 8.0 64 124
ST5 3038 8.29 12 62 0.2 55 2.8 66 111
ST6 3164 7.90 10 38 0.0 17 0.7 67 124
ST7 3346 8.06 9 40 0.1 44 1.5 46 102
ST8 2788 7.85 10 33 0.1 50 2.6 57 68
ST9 3020 8.33 9 26 0.2 57 3.4 59 62
ST10 3110 8.54 10 125 0.2 68 2.6 65 878
ST11 3350 8.18 13 181 0.5 149 3.2 136 1043
ST12 3297 8.25 8 109 0.4 57 7.1 47 245
ST13 3036 7.55 9 92 0.4 67 6.1 58 728
ST14 2830 8.38 4 67 0.1 57 1.6 65 179
ST15 3032 7.90 11 75 0.3 28 10.2 66 196
ST16 2961 7.62 14 31 0.1 53 1.3 63 103
ST17 3345 7.98 9 43 0.1 25 5.6 57 91
ST18 2942 7.59 14 14 0.9 136 6.3 47 45
ST19 3303 8.07 11 54 0.1 65 1.0 47 209

Hydrothermal water
HW1 4581 8.72 45 >2000 102 598 170 11,099
HW2 4596 8.68 43 >2000 99 746 133 13,797
HW3 4580 8.62 53 1553 121 806 151 7537
HW4 4576 7.98 64 1899 174 1212 144 4930
HW5 4060 7.21 67 >2000 428 1387 308 26,169
HW6 4435 7.09 44 838 142 917 155 3506
HW7 4511 8.01 54 932 121 618 195 13,873
HW8 4621 8.71 90 >2000 451 2180 207 15,819
HW9 4591 7.54 71 1160 349 1880 185 3914

HW10 4556 8.04 88 1090 331 1743 190 2994
HW11 3898 8.63 53 322 181 1457 124 1491
HW12 4373 8.67 52 861 203 1295 157 5314
HW13 5010 8.62 86 900 500 2943 170 4527
HW14 3927 7.02 65 1567 533 1840 290 15,640
HW15 4275 6.99 49 1124 207 1370 151 5669

4. Discussion

4.1. Different Sources of Ge Affecting Ge/Si Ratios in the River

Dissolved Ge in the river is generally derived from fly ash generated from coal com-
bustion, weathering of silicate minerals and sulfide, and hydrothermal water. Coal is an
important raw material for Ge [39]. Germanium is easily hydrolyzed and generally exists
in the form of Ge(OH)4 in fluid, thus preferentially enriched in river water compared
with other trace elements such as Cu and Zn derived from fly ash [31]. Rivers that drain
industrial areas present relatively high Ge/Si ratios resulting from coal combustion [40].
However, the anthropogenic source is considered to be negligible in the Yarlung Tsangpo
River Basin because the economic structure here is mainly composed of agriculture, animal
husbandry, and tourism. A large number of residents still use straw and air-dried cow
dung as their energy source [41].

Silicate weathering dominates the dissolved Ge and Si in large rivers such as the
Mackenzie River [23] and the Amazon River [42]. The formation of secondary minerals
during silicate weathering would lead to redistribution of Ge and Si in soil and river
water [26]. Since Ge preferentially incorporates into secondary minerals compared with
Si, the Ge/Si ratio of river water would be lower than that of bedrock [20,25]. In addition,
the weathering of plagioclase (Ge/Si of ~1.5) to kaolinite (Ge/Si of 4.8–6.1) results in a
decrease in the riverine Ge/Si ratio, and kaolinite weathering will lead to an increase in
dissolved Ge/Si ratio in the solution [19,20,25]. In the Yarlung Tsangpo River, the water
shows an extremely high Ge/Si ratio (average at 7.8), which is significantly higher than
that of plagioclase and kaolinite.
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Sulfide weathering has been considered as a possible process affecting the Ge/Si ratio
in many large rivers such as the Copper River [18], the Red River [7], and the Yellow
River [9,31]. In the Yarlung Tsangpo River, there is a strong relationship between dissolved
Cl− and SO4

2− in the mainstream (except for samples in the source areas M1 and M2,
Figure 2), which suggests that SO4

2− is mainly derived from hydrothermal spring or
evaporite dissolution, rather than sulfide mineral oxidation.

 

Figure 2. The relationship between Cl− and SO4
2− in mainstream waters.

The hydrothermal water samples collected in this river basin have extremely high Si
and Ge concentrations and Ge/Si ratios, which might be the result of water–rock interac-
tions during the upwelling of hydrothermal fluids. As shown in Figure 3, Ge, Si, and the
temperature of hydrothermal water are positively correlated. Germanium is more enriched
than silicon due to the precipitation of quartz during the cooling process of hydrother-
mal water. Therefore, temperature is the vital factor affecting Ge and Si in hydrothermal
waters [43,44].

 

Figure 3. Correlations between dissolved Si and Ge (a), water temperature and Si (b), and water
temperature and Ge (c) in hydrothermal waters.

4.2. Ge/Si Ratios in the Yarlung Tsangpo River
4.2.1. Spatial and Temporal Variations of Riverine Ge/Si Ratio

The Ge/Si ratios of river water in the Yarlung Tsangpo show large variations, roughly
decrease from upstream to downstream, and show a positive relation with elevation
(Figure 4). The correlations between Ge and Si concentrations and the TDS and Ge/Si ratio
of river water suggest that the Ge and Si contents of some river waters are significantly
affected by the contribution of hydrothermal water (Figure 5), such as samples MT7, MT13,
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and MT14, with the highest Ge/Si ratio, the corresponding river flow through the fault
zone where hot springs are widely distributed. The river waters with a low Ge/Si ratio
are generally small tributaries in the lower reaches of the Yarlung Tsangpo (Figure 4a).
Even so, the Ge/Si ratios of these small tributaries (0.1–10.2, average at 3.8) are still far
above the world average. One possible explanation is hydrothermal water input. However,
the Cl− content in these rivers is relatively low, similar to river ST15, the Ge/Si ratio can
reach up to 10.2, while the Cl− concentration is 66 μmol/L, significantly lower than that in
mainstreams, and thus the influence of the input of hydrothermal water is limited. Another
potential reason accounting for the relatively high Ge/Si ratios could be sulfide weathering
because of the high sulfate concentration (44–1043 μmol/L, average at 276 μmol/L) of river
waters. The terrain in these river basins is steep, with some glacier-covered, and erosion
is intense; this promotes the sulfide weathering process. As shown in Figure 6, the Ge/Si
ratios of the mainstream and the main tributaries of the Yarlung Tsangpo River are affected
by hydrothermal water input, while the controls of the Ge/Si ratio of small tributaries
downstream are complicated. Besides sulfide weathering, weathering of minerals such as
biotite could also affect the dissolved Ge signals in the river water under glacier cover. In
Figure 6, there are four rivers located below the global river line, and a strong correlation
(R2 = 0.98) between Ge/Si ratios and K+/Na+ ratios are observed in these four samples.
Considering biotite is rich in K and Ge (Ge content is 3–4 times higher than the upper
continental crust) [25,45], and glacial erosion could lead to exposure of fresh minerals such
as biotite, one of the most vulnerable silicate minerals to weathering, though accounting
for a small proportion of silicate rocks [18].

 
Figure 4. Spatial variations in Ge/Si ratio of the Yarlung Tsangpo River. (a) Relations between Ge/Si
ratio and distance from the source; (b) Relations between Ge/Si ratio and elevation.

 

Figure 5. Relations between Si and Ge (a) and TDS and Ge/Si ratio (b) of river water.
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Figure 6. The relation between Si and Ge/Si in river water. The line for global clean rivers is from [17].
Adapted with permission from ref [17]. Copyright 1992 John Wiley and Sons.

The tributary Xiangqu is characterized by the distribution of geothermal springs
around its source area. The Ge/Si ratio of weekly time series river water samples in the
Xiangqu show an obvious relationship with river discharge. As discharge increases, the
Ge/Si ratio of river water decreases (Figure 7). In rivers affected by hydrothermal inputs,
such as the mainstream of the Yarlung Tsangpo River, Xiangqu, and Nepali rivers [30],
a low Ge/Si ratio of river water is observed at the high-flow period. This suggests the
dilution of the hydrothermal water input during the high-flow period. However, in the
silicate weathering controlled system, the trend is the opposite. The Ge/Si of river water is
generally positively related to river water discharge (Figure 8). The water–rock reaction
may be relatively strong in the whole basin, and the clay weathering process, which can
produce high Ge/Si ratio fluids, is more obvious during the high-flow season. This is
consistent with previous observations [16,20,21].

Figure 7. Ge/Si ratio variation in time series river water samples in Xiangqu.

28



Water 2022, 14, 181

 

Figure 8. The plot of discharge versus Ge/Si ratio in silicate weathering- and hydrothermal input-
controlled rivers. Data of Boulder Creek streams is from [46]. Adapted with permission from ref [46].
Copyright 2017 John Wiley and Sons.

4.2.2. Ge and Si in Rivers Supplied by Hydrothermal Water

Chloride was considered to be conservative during the mixing process of hydrothermal
spring and river water and, thus, supposed as an effective tracer of hydrothermal input of
Ge and Si in the Yarlung Tsangpo River [43]. Assuming the Cl− concentration of river water
is the weighted sum of rainfall and hydrothermal contribution, a mean value of rainwater
in southeastern Tibet is 6.7 μmol/L [47], and an evapotranspiration factor of 2, the Cl−
originating from rainfall is 13.4 μmol/L. Riverine Ge and Si derived from hydrothermal
water can be calculated according to the following equations:

[Cl]hydr = [Cl]riv − [Cl]atm (1)

[Ge]hydr = [Cl]hydr × (Ge/Cl)hydr (2)

[Si]hydr = [Cl]hydr × (Si/Cl)hydr (3)

where (Ge/Cl)hydr and (Si/Cl)hydr represent the average ratio of hydrothermal waters in
each sub-basin in the Yarlung Tsangpo River. [Ge]hydr and [Si]hydr represent riverine Ge and
Si derived from hydrothermal waters. Potential uncertainties for calculating [Ge]hydr and
[Si]hydr are dominantly from the value of (Ge/Cl)hydr and (Si/Cl)hydr in sub-basins due to
the limited numbers of hydrothermal samples. The Xiangqu, Nimu River, Lhasa River, and
Duilongqu were selected in this calculation because hydrothermal springs were collected
in these basins. We calculated that 4–98% of Si is from hydrothermal water (Table S2). The
calculation also shows an unexpected result that [Ge]hydr is much higher than dissolved
Ge in the river water. This disparity suggests that a significant amount of Ge has been
lost during its transportation from spring to river. A potential Ge-enriched component is
clays [16,25,30]. Moreover, hydrothermal water could contain high contents of sulfide and
iron—when it comes to the surface, the sulfur is deposited as sulfate, and iron deposited as
Fe-oxyhydroxide, which are also enriched in Ge [39]. Thus, there should be two possible
explanations for significant Ge depletion: absorbed on clays in soils and sediments and
deposited in sulfate and Fe-oxyhydroxides. It is also estimated that at least 11–88% of Ge
incorporates into the solid phase in these river basins (Table S2). This is similar to the result
that 70–90% of Ge in seafloor hydrothermal water hosts in solid during Fe-oxyhydroxides
precipitation [48]. Such a proportion of Ge incorporated into solid is much more than clay
sequestration during silicate weathering [28]. Nevertheless, the Ge/Si ratio of rivers on
the Tibetan Plateau is ~10 times higher than that of the global average; thus, the Tibetan
Plateau tectonism during the Cenozoic, which could enhance hydrothermal activity, might
increase the Ge/Si ratio of the continental rivers and seawater.
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4.3. Using Ge/Si Ratio to Trace Geochemical Processes

The Ge/Si ratios of large rivers in the different climatic and geological backgrounds
are mainly controlled by weathering processes, hydrothermal input, and anthropogenic
activity such as coal combustion [25,31,42]. Compared with other large rivers in the world,
the Yarlung Tsangpo River waters present the highest average Ge/Si ratio.

As Figure 9 shows, the average value of Ge/Si ratios in rivers such as the Amazon
River, Mackenzie River, Yukong River, and the Orinoco River are close to the world average
(Ge/Si = 0.6 ± 0.06). These rivers drain regions without obvious input from hydrothermal
and industrial activity, and the Ge/Si ratios are mainly controlled by silicate weathering
processes [7,9,16,23,42]. River water in the eastern Qinghai-Tibet Plateau (Salween, Mekong,
and the upstream of Yangtze) show relatively high Ge/Si values (average at ~5.59, [31]).
It is similar to Ge/Si in the Yarlung Tsangpo River, where hydrothermal water discharge
dominates the riverine Ge/Si ratio.

 

Figure 9. Ge/Si ratio histogram of the Yarlung Tsangpo River and other typical basins. Data of
Zaire River, Yukong River, Orinoco River, and Nelson River are from [16]. Data of Amazon River,
Mackenzie River, Mekong River, Mississippi River, Changjiang River, Kern River, Santa Clara River,
Madeira River, and Hondo River are from [23]. Data of Hong River is from [7]. Data on the Yellow
River is from [9]. Data of Copper River is from [18]. Data of Central Nepal Rivers is from [30].

Compiling these results, a simplified category can be made for riverine Ge/Si ratios
(Figure 9). Two characteristic Ge/Si values were chosen as the division standard, which
is 1.5 (average value of primary silicate rock) and 3.75 (average Ge/Si ratio of secondary
aluminosilicate clays) [25,40]. Generally, for river water, the Ge/Si ratio is lower than ~1.5,
and the Ge/Si ratios of river water reflect the degree of silicate weathering. For rivers, the
Ge/Si ratio is higher than ~3.75, and the hydrothermal effect should be regarded as the
dominant control. Additionally, the impact of sulfide weathering on the dissolved Ge/Si
ratios should be considered for a basin with a relatively high sulfate concentration. The
controlling factors of river waters in this range need to be discussed in terms of the distribu-
tion of hydrothermal waters and sulfide minerals weathering. In addition, the controlling
factors of dissolved Ge/Si ratio are complicated in rivers with Ge/Si ratios ranging from
~1.5 to ~3.75. It might be the combined effect of silicate weathering and hydrothermal input
and possibly involve anthropogenic activities. For instance, Mississippi River water is
apparently affected by urban and industrial input, which increased the Ge concentration of
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river water to 266 × 10−3 μmol/L, and the Ge/Si ratio is 1.60 [23]. Changjiang River water
is influenced by extensive irrigation and rice cultivation, which could cause a decrease in Si
concentration in the river water; the Ge/Si ratio in the Changjiang River is 2.18 [49].

5. Conclusions

The spatial and temporal variations of Ge/Si ratios indicate a significant hydrothermal
water impact on the riverine Ge/Si ratios in the river basin. According to the mass balance
equation, the calculated riverine Ge sourced from hydrothermal waters is much higher
than measured Ge in the river water. This indicates that a large amount of Ge has been
depleted in the river system. The absorption of Ge on clays or deposition in sulfate and Fe-
oxyhydroxide minerals could be a plausible explanation for such significant Ge depletion.
The Ge/Si ratios of the Yarlung Tsangpo River water evidently reflect the discharge of
hydrothermal water, which indicates that the hydrothermal water contribution should be
carefully considered when using the Ge/Si ratio to trace silicate weathering in the Yarlung
Tsangpo River Basin.
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Abstract: Dissolved heavy metals (HMs), derived from natural and anthropogenic sources, are an
important part of aquatic environment research and gain more international concern due to their
acute toxicity. In this study, the geochemistry of dissolved HMs was analyzed in the upper Three
Gorges Reservoir (TGR) of the Yangtze River (YZR) watershed to explore their distribution, status,
and sources and further evaluate the water quality and HM-related risks. In total, 57 water samples
were collected from the main channel and tributaries of the upper TGR. The concentrations of eight
HMs, namely V, Ni, Cu, Zn, As, Mo, Cd, and Pb, were measured by ICP-MS. The mean concentrations
(in μg/L) of eight HMs decreased in the order: As (1.46), V (1.44), Ni (1.40), Mo (0.94), Cu (0.86),
Zn (0.63), Pb (0.03), and Cd (0.01). The concentrations of most HMs were 1.4~8.1 times higher than
that in the source area of the YZR, indicating a potential anthropogenic intervention in the upper
TGR. Spatially, the concentrations of V, Cu, As, and Pb along the main channel gradually decreased,
while the others were relatively stable (except for Cd). The different degrees of variations in HM
concentrations were also found in tributaries. According to the correlation analysis and principal
component (PC) analysis, three PCs were identified and explained 75.1% of the total variances.
combined with the concentrations of each metal, PC1 with high loadings of V, Ni, As, and Mo was
considered as the main contribution of human inputs, PC2 (Cu and Pb) was primarily attributed
to the contribution of mixed sources of human emissions and natural processes, and Zn and Cd in
PC3 were controlled by natural sources. Water quality assessment suggested the good water quality
(meeting the requirements for drinking purposes) with WQI values of 14.1 ± 3.4 and 11.6 ± 3.6 in
the main channel and tributaries, respectively. Exposure risk assessment denoted that the health
effects of selected HMs on the human body were limited (hazard index, HI < 1), but the potential
risks of V and As with HI > 0.1 were non-negligible, especially for children. These findings provide
scientific support for the environmental management of the upper TGR region and the metal cycle in
aquatic systems.

Keywords: heavy metals; river pollution; source identification; risk evaluation; upper Yangtze
river watershed

1. Introduction

With the acceleration of economic globalization, it becomes more and more difficult to
balance the excessive utilization of water resources and high-efficiency water environmental
protection schemes [1,2]. Given the current status of the global hydrosphere, it is of great
significance to evaluate the contamination of river ecosystems (watershed scale), which is
beneficial for the arrangement of water resources [3–5]. Heavy metal (HM) pollution is one
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of the most common contamination problems in aquatic environments [6,7]. Characterized
by bioaccumulation, non-biodegradability, and acute/chronic toxicity [8–12], HMs are
harmful to the aquatic ecological environment and even threaten human health [13]. Both
anthropogenic inputs (e.g., industrial/domestic wastes) and natural processes (e.g., rock
weathering and soil erosion) can contribute to the riverine HMs [14,15]. Moreover, the
occurrences of HMs in water bodies include dissolved loads, riverbed sedimentary loads,
and suspended loads [16].

Among these three occurrences, dissolved HMs are considered to be more harmful to
humans or aquatic organisms due to more potential exposure pathways [17,18]. The two
main exposure routes of HMs are direct ingestion (drinking water) and dermal absorption
(via skin) [19,20]. According to previous studies, chemical carcinogens resulted in 90% of
cancers, and the ingestion of drinking water is a significant route of these chemicals [21].
Obviously, HM contamination in rivers has a high correlation with the human health risk.
In addition, low doses of HMs can also be detrimental to the human body during long-
term exposure [22]. Therefore, numerous watershed-scale studies have been carried out on
dissolved HMs in rivers all over the world. The results show that there is high heterogeneity
with regard to the state of heavy metal compositions and their environmental/risk effects in
the aquatic environment [20,23–26]. Under the background of anthropogenic disturbances,
the river becomes quite sensitive to pollution at the watershed scale, which makes the
river a reflection of the impact of both human disturbance and natural processes, and it
further reflects the potential risks or negative effects on life [27]. Beside this, the re-released
processes of HMs from the suspended/bed sediments are also significant if the ambient
conditions (e.g., pH) change. Therefore, understanding and identifying the contamination,
sources, and risks of HMs in river water is important and beneficial for efficient and
sustainable water resources management.

As the largest watershed in Asia, the Yangtze River watershed (YRW) originates from
the Tibetan Plateau, breeds a variety of ecosystems, and provides freshwater resources
for hundreds of millions of people. However, the YRW is highly sensitive to climate
change and human perturbations (pollution) [21,28]. Due to the abundant river flow and
appropriate natural elevation drop, YRW is an ideal place for hydropower generation.
Therefore, more than 50,000 reservoirs/dams distribute throughout the YRW, such as the
Three Gorges Reservoir (TGR) and Gezhouba Dam [29,30], which powerfully support
the local economy. Reservoir development and other human activities (e.g., urban emis-
sion and agricultural production), have significantly changed hydrodynamic conditions
(e.g., hydraulic residence time, HRT) and further affected river environmental processes
and biogeochemical cycles [31,32]. For example, the water isotope-based damming effect of
intensive reservoirs have not only influenced the water cycle [33], but also changed the bio-
community structure within the watershed. A long-term (>30 years) observation found that
the cascade reservoir significantly increased the amount of bioavailable nutrients (mainly
N and P) due to the high density of phytoplankton induced by HRT and the nitrate reduc-
tion caused by deep hypoxia (nitrate to ammonium) [34]. As another important nutrient,
carbon transport and biogeochemistry are also highly controlled by reservoir-influenced
hydrodynamic conditions (mainly HRT) [35]. Moreover, the studies on HMs in dissolved
loads and sediments exhibited obvious spatial variations of HM concentrations in typical
commissioned reservoirs from upstream to downstream [36,37]. Since 2003, the operation
of impoundment of the TGR has notably changed the hydrodynamic conditions, which
directly led to the alteration of HM distribution and circulation. Therefore, continuous
reporting of the current status, contamination, risks, and sources of HMs in the TGR region
and the reasonable analysis are necessary.

To determine the distribution, status, and sources of HMs of river water in the upper
reaches of the Three Gorges Reservoir in the Yangtze River watershed, 57 river water
samples were systematically collected from June to July 2020 in the first flood season after
the pandemic. The aims of this study were: (1) to clarify the distribution, status, and
contamination of HMs in the upper TGR area; (2) to distinguish the potential sources of
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HMs; (3) to evaluate water quality and HM-related risks. This study delivers basic data
for better management in the upper TGR region and provides a reference for hydropower
development and related eco-environmental issues in riverine systems.

2. Materials and Methods

2.1. Study Region

The TGR, the largest hydropower engineering project in the world, was constructed on
the Yangtze River (within Yichang City, Hubei Province) with a dam of 2.3 km length and
185 m height [38]. The upper TGR region, from Chongqing City to Yichang City (660 km)
was covered by reservoir water (Figure 1) [39]. There are More than 20 cities and counties
located within the upper TGR region [21], which are potential pollution sources of HMs
and threats due to urbanization and industrialization. The upper TGR region is affected
by a humid subtropical monsoonal climate, with the average annual air temperature of
18.9 ◦C and the annual rainfall from 1000 to 1800 mm [40]. The lithology of the upper TGR
region is composed of carbonate rocks, clastic rocks, metamorphic rocks, and evaporate
rocks (Figure 1) [40]. The land use of the upper TGR region mainly consists of water area,
urban area, grassland, unused land, cropland, and forest land.

Figure 1. The lithology distribution and sampling sites of the upper TGR region.

2.2. Sampling and Chemical Analysis

A systematic sampling survey was adopted from June 25 to 21 July 2020. In the survey,
57 sampling sites including the main channel (S1–S39 and S57) and tributaries (S40–S56)
were selected in the upper TGR region based on natural features (e.g., lithology) and
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human disturbances. In total, 57 river water samples were collected at the depth of ~50 cm.
Then, 0.22 μm cellulose acetate membranes were used to filter the water samples. For HMs
analysis, the water samples were acidified to pH < 2 via the pre-purified nitric acid and
then sealed in clean polyethylene bottles and kept in a refrigerator until measurement.
Eight HMs of river water samples were selected and measured by ICP-MS (Elan DRC-e,
PerkinElmer, Waltham, MA, USA), at the IGSNRR, Chinese Academy of Sciences. The
analysis was conducted using replicates, standard reference materials, and procedural
blanks in order to maintain the standard quality. The measured result of replicate sample
suggested acceptable repeatability for HMs (the relative standard deviation was from 0.1%
for Ni to 3.5% for V). The standard reference material (GSB04-1767-2004) was applied to
ensure the quality assurance for HMs analysis, which presented the recovery percentage
range of 98.3% (Cd) to 101.3% (V). The measurement results (all HMs) of procedural blanks
were below the limit of detection, which also clearly proved the reliability of measurements
during laboratory analysis.

2.3. Assessment Method

The Water quality index (WQI) is a useful method to assess the total quality of surface
water and groundwater, particularly for drinking water [25,41]. The WQI is the sum of the
water quality index of individual variable (WQIi) and can be calculated as Equation (1):

WQI = Σ[Wi × (Ci/Si) × 100] (1)

where the Wi is the relative weight (Wi = wi/Σwi). Wi ranges from 1 (minimum) to 5 (max-
imum) based on the relative important effects of variables on human beings and the related
aquatic ecological effect [42]. Ci and Si are the concentrations/limited concentrations of
variables in river water and drinking water guidelines. The limit values and weights are
listed in Table 1. Here, 17 variables, including 10 water quality parameters (EC, TDS, F, Cl,
NO3-N, SO4, Na, K, Mg, and Ca) [40] and 7 heavy metals (excluding V due to no official
limit value) were incorporated in the WQI calculation. The pH of river water was not
applied in the WQI calculation due to the fact that all measured pH levels were within the
allowable limit (6.5–8.5).

Table 1. Relative weight and limit values of individual variable, and the calculated average WQIi.

Variable Drinking Water Guidelines a Weight (wi) Relative Weight (wi) Average WQIi

EC 1500 μS/cm 4 0.062 1.93
TDS 1000 mg/L 4 0.062 1.62

F 1 mg/L 5 0.077 1.97
Cl 250 mg/L 3 0.046 0.57

NO3-N 10 mg/L 5 0.077 1.40
SO4 250 mg/L 5 0.077 0.59
Na 200 mg/L 3 0.046 0.47
K 12 mg/L b 2 0.031 0.76

Mg 50 mg/L b 2 0.031 0.63
Ca 75 mg/L b 2 0.031 1.72
Ni 20 μg/L 5 0.077 0.54
Cu 1000 μg/L 2 0.031 0.00
Zn 1000 μg/L 3 0.046 0.00
As 10 μg/L 5 0.077 1.13
Mo 70 μg/L 5 0.077 0.10
Cd 5 μg/L 5 0.077 0.01
Pb 10 μg/L 5 0.077 0.02

Notes: a According to the Chinese drinking water standards (GB 5749-2006); b from [42].
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To evaluate the health risk of HMs in the upper TGR area, the widely used hazard
quotient (HQ) and hazard index (HI) were calculated as in previous studies [41–43]. Two
main exposure pathways, namely ingestion and dermal absorption [44], were integrated
in the HQ and HI calculations. HQ is defined as the ratio between exposure dose (single
pathway) and reference dose (RfD), while HI s the sum of all pathways’ HQs. If the value
HQ or HI is >1, the human health risk/adverse effects are non-negligible. The calculation
of HQ and HI were as follows [25] Equations (2)–(6):

ADDingestion = (Cw × IR × EF × ED)/(BW × AT) (2)

ADDdermal = (Cw × SA × Kp × ET × EF × ED × 10−3)/(BW × AT) (3)

HQ = ADD/RfD (4)

RfDdermal = RfD × ABSGI (5)

HI = ΣHQs (6)

ADDingestion and ADDdermal are the mean daily doses by two exposure pathways. Cw,
BW, IR, EF, ED, AT, SA, ET, Kp, RfD, and ABSGI are the river metal concentration, body
weight of adults/children, ingestion rate, exposure frequency, exposure duration, average
time, exposed skin area, exposure time, dermal permeability coefficient (in water) of metal,
reference dose, and gastrointestinal absorption factor [25,45], respectively. The detailed
values and units of these parameters were obtained from previous studies [25,45,46] and
can be found in Table S1.

2.4. Software

The principal component and correlation analyses (PCA/CA) were carried out for
statistics and potential HMs sources identification using SPSS 21.0. The detailed operation
information of SPSS can be seen in [20,47]. All data were graphed using Microsoft Office
2010 and Origin 8.1.

3. Results and Discussion

3.1. HMs Concentrations and Distribution
3.1.1. HMs Concentrations

The statistical results of selected HM concentrations in the upper TGR area are dis-
played in Table 2. According to the Kolmogorov–Smirnov statistics test, most HM con-
centrations are normally distributed, suggesting that the average concentration of each
HM is suitable for comparison. This is also supported by the similar mean values and
median values of these HMs (Table 2). Therefore, the mean concentrations (in μg/L) of
eight HMs in the upper TGR area decreased in the order: As (1.46), V (1.44), Ni (1.40),
Mo (0.94), Cu (0.86), Zn (0.63), Pb (0.03), and Cd (0.01). As, V, and Ni are the three most
abundant metals in the study area. All HM concentrations are in the range of the allowable
concentrations of corresponding metals for drinking purposes recommend by the drinking
water guidelines of China and the World Health Organization (WHO), except for V due
to the lack of limit value (Table 2). Cu, Zn, As, Cd, and Pb are also of Grade I of Chinese
surface water standard (Table 2), suggesting very clean water from the perspective of
these metals in the upper TGR area. It is noteworthy that the maximum concentration of
As (3.23 μg/L) is relatively close to the limit value of Chinese drinking water guidelines,
which can be defined as a potential pollutant at the corresponding sampling site, revealing
the relatively high human emissions of the local region [20], such as agriculture-derived
As emission [48]. Compared to the background values of eight HMs in the source area
of the YRW [49], the V and Ni concentrations in the Upper TGR area are significantly
high (Table 2), i.e., 8.0 and 7.8 times higher than the background values. Moreover, the
concentrations of Cu, As, and Mo are also relatively high, i.e., 1.4, 1.7, and 1.8 times the
background values, revealing the potential anthropogenic inputs of these metals from
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the source area to the TGR. For historical comparison, we compared our results with the
published data of the study area from 2007 to 2015. The Ni concentration in 2020 (1.4 μg/L)
was comparable to the historical data, slightly higher than that in 2007 (1.2 μg/L) and 2012
(1.3 μg/L) [28,50]. The Pb concentration in 2020 (0.03 μg/L) significantly decreased from
2007 (0.86 μg/L) but was similar to the one in 2015 (0.04 μg/L) [28,51]. The concentrations
of Cu (0.86 μg/L), Zn (0.63 μg/L), and Cd (0.01 μg/L) in 2020 also declined relative to
those of Cu (1.2–10.4 μg/L), Zn (3.3–13.0 μg/L), and Cd (0.09–1.48 μg/L) during 2007–
2015 [28,50–52]. The As concentration in 2020 (1.46 μg/L) was obviously decreased from
2007 to 2012 (2.1–7.2 μg/L), but on par with that of 2013 (1.5 μg/L) [28,50,52].

Table 2. HM concentrations, pH, electric conductivity, and total dissolved solids of river water in the upper TGR area and
related limit values of drinking water guidelines.

Unit Upper TGR Area Source Area of
YRW a

Drinking Water Guidelines Surface Water
Standard d

Standard cMin Max Mean SD Median China b China a WHO c WHO b

V μg/L 0.51 3.19 1.44 0.55 1.45 0.18
Ni μg/L 0.98 2.19 1.40 0.21 1.38 0.18 20 70
Cu μg/L 0.33 1.50 0.86 0.24 0.93 0.63 1000 2000 10
Zn μg/L 0.00 7.90 0.63 1.14 0.33 0.68 1000 50
As μg/L 0.45 3.23 1.46 0.57 1.48 0.86 10 10 50
Mo μg/L 0.33 2.20 0.94 0.31 0.98 0.52 70 70
Cd μg/L 0.00 0.02 0.01 0.00 0.00 0.02 5 3 1
Pb μg/L 0.00 0.10 0.03 0.03 0.02 0.76 10 10 10

pH d — 7.26 8.19 7.81 0.17 7.81 6.5–8.5
EC d μS/cm 212 734 471 134 470

TDS d mg/L 119 410 264 75 263 1000

Notes: a is Chinese drinking water standards (GB 5749-2006), b is WHO drinking water guidelines, c,d is the limited values of Grade I of
Chinese surface water standard.

3.1.2. Spatial Distribution

Spatially, the concentrations of the HMseach HM along the main channel of the upper
TGR area presented different degrees of variations (Figure 2). Overall, in the river water of
the main channel, a gradually decreasing trendstrend of V, Cu, As, and Pb concentrations
were observed from upstream to downstream (Figure 2), with higher concentrations in
upstream sites (S1–S4, except for the highest Pb at S9). Moreover, the concentrations of V,
Cu, and As increased again after the import of tributary XJ. In contrast, the concentrations
of Ni and Zn were maintained at a stable level with relatively slight variations, and the
highest concentrations of Ni and Zn were observed after the import of tributaries TJ and XJ,
respectively. The Mo concentration was also maintained at a stable concentration level and
subsequently declined to the lowest concentration after the import of tributary WJ, and
then increased again after the import of tributary XJ. The Cd concentration was the most
varied metal along the main channel with the highest concentration at S20 (JLJ import).
The spatial distributions of the metals in six main tributaries (MJ, TJ, JLJ, WJ, XJ, and SNR)
are shown in Figure 3. Compared to the average concentrations of HMs in tributaries,
the highest V, Ni, As, and Mo were consistently observed in tributary TJ, indicating the
potential input of these metal-related pollutants in TJ. The highest concentrations of Cu,
Cd, and Pb were found in tributary JLJ, while the highest Zn concentration was exhibited at
SNR. In contrast, the lowest concentrations of V, Cu, As, and Pb were displayed in tributary
WJ, Ni in tributary MJ, and Zn, Mo, and Cd in tributary XJ. These results reveal the high
heterogeneity of HM concentration distributions and the differences of HM characteristics
in each tributary.

3.1.3. Potential Controlling Factors of Spatial Variations of HMs

The dissolved HMs in river water are affected by various factors. For river water pH,
lower pH values could increase the competition between metals and hydrogen ions in bind-
ing sites and accelerate the dissolution of metal–carbonate complexes in suspended/bed
sediments, which further release free metals into the river water [20,53]. In the upper TGR
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area, the lowest observed pH value was 7.26 (weakly alkaline water) without a significantly
low pH value. Therefore, the pH values are not the main factor affecting the distribution of
HM concentrations, which can also be supported by the insignificant correlation (p > 0.05)
between pH values and the concentrations of individual HMs. Besides, water temperature
can affect series of physicochemical processes (e.g., adsorption, formation of complexes,
and ion exchange), and it resulted in the variation of dissolved heavy metal concentrations
in water [23,54]. However, the significant variations generally occurred between different
seasons (e.g., summer and winter). In this study, all samples were collected during the
flood season (with negligible temperature variations); thus, the physicochemical process
related to temperature was not the predominant factor. Moreover, the secondary tributary
hydropower stations/dams in the upper TGR area have potentially changed the hydrody-
namic condition, such as the hydraulic residence time (HRT) [29,32], and further caused the
re-release of HMs from the suspended/bed sediments or gravels (product of soil erosion)
due to the relatively long residence time [55–57]. Due to the lack of HRT-related studies,
the secondary tributary hydropower stations/dams can only be considered as a potential
explanation for the spatial variation of dissolved HMs, which may lead to the variation of
concentration of some dissolved HMs in tributaries and even in the main channel.

In addition to the above-mentioned factors, source variation can be considered as
the most crucial factor in the spatial distribution of dissolved HMs in river water, and it
is a combination of the natural and anthropogenic sources [58–60]. In this study, large
variations and high heterogeneity of HM concentration distributions were observed in
both the main channel and tributaries (Figures 2 and 3), which could be attributed to
anthropogenic inputs that alter their distributions or assuage the spatial variations via such
a large catchment area with different landscape setting and geologic setting (natural source)
in the upper TGR area. Natural sources of HMs are soils and rock weathering [60–62], and
the anthropogenic sources mainly include the emission of industries, agriculture, and fossil
fuel combustion [25,41,63], as discussed below.

Figure 2. Spatial variations in concentrations of eight HMs at 40 sampling sites along the main channel of upper TGR area.
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Figure 3. Spatial distribution of concentrations of eight HMs in tributaries of the upper TGR area.

3.2. Sources Identification of HMs

According to the overall coherence of the dataset, the correlation analysis could be
applied to explore the relationships between different variables [64]. Here, the correlation
matrix was calculated to distinguish associations among the eight HMs of river water in the
upper TGR area (Figure 4a). Significant positive correlations (p < 0.01) were found between
the V and Ni (R = 0.55), As (R = 0.0.94), and Mo (R = 0.78); Ni and Mo (R = 0.66); As and
Mo (R = 0.81). Generally, the dissolved HMs with high correlation coefficients presented
similar transport processes, hydrochemical behaviors, and sources [25]. Therefore, V, Ni,
As, and Mo are derived from the certain co-emission sources and discharged into the river
through similar chemical processes. Moreover, the moderate positive correlations were
observed between Cu and V (R = 0.34), As (R = 0.44), Mo (R = 0.27), and Cd (R = 0.35);
Zn and Cd (R = 0.40); Pb and As (R = 0.33), Mo (R = 0.28), and Cd (R = 0.32) (Figure 4a),
indicating the interaction effect (e.g., mixing processes) of their potential co-origins and
the strong spatial heterogeneity of these HMs sources. The relatively low and insignificant
correlation coefficients between the pairs of some HMs (e.g., As and Zn; Figure 4a) revealed
these HMs may have completely different sources.
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Figure 4. The correlation analysis (a) and principal component analysis (b) of eight HMs of river water in the upper TGR
area. ** p < 0.01; * p < 0.05.

PCA was employed to further identify the HMs associations and their potential
sources. three principal components (PC) with eigenvalues exceeding 1 were identified,
which can totally account for 75.1% of the total variance. The PCA results are plotted
in Figure 4b and listed in Table 3. most of the HMs showed a strong loading in their
corresponding PC (loading value exceed 0.75 [65]). The first PC accounted for 38.0% of total
variance with the significant loading of V (0.92), Ni (0.78), As (0.86), and Mo (0.88). The
second PC explained 20.2% of total variance and was mainly contributed by Cu and Pb with
high loadings of 0.63 and 0.83, respectively. The third PC including Zn (0.91) and Cd (0.67)
accounted for 16.9% of total variance. However, the total PC loadings (75.1%) were slightly
lower than those in previous studies, such as 86.4% and 79.3% PC loadings for 14 HMs
and 13 HMs in the Dan River and Huaihe River, respectively [25,41]. The significance of
KMO and Bartlett’s sphericity test was less than 0.001, indicating the results of PCA were
reliable. As mentioned in the correlation analysis, four HMs (V, Ni, As, and Mo) with
strong positive loadings in PC1 may from the same sources; combined with the consistently
high concentrations (0.94–1.46 μg/L on average, Table 2), we concluded that PC1 is mainly
contributed by human inputs in the upper TGR. For example, Ni-containing pollutants
were widely distributed in the wastewater of metal-processing dominated industries [63];
coal industry and agricultural activities were the main human sources of dissolved Mo
in rivers [66]; As-containing pollutants were mainly derived from agricultural activities
(e.g., overuse of fertilizers, pesticides, and herbicides) [48]. In contrast, Zn and Cd in
PC3 were weakly correlated to HMs in PC3 (As, Mo, V, and Ni), revealing significantly
different sources of HMs in PC1 and PC3. Moreover, the concentrations of Zn and Cd
were relatively low (with the average concentrations lower than the background value
of the source area of the YRW [49], Table 2); hence, we infer that PC3 is attributed to the
contribution of natural sources (e.g., rock weathering). In addition, regarding Cu and Pb
in PC2, although Cu could be derived from industrial activities and Pb could come from
fossil fuel combustion [63,67], given the moderate positive correlation between these two
HMs and other HMs, as well as the moderate concentration of Cu, we attribute Cu and Pb
to mixed origins of human emissions and natural processes. In summary, human emission
sources controlled or affected most of the HMs in the upper TGR area.
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Table 3. Varimax rotated component matrix for dissolved HMs of the upper TGR area.

Variable PC1 PC2 PC3

Eigenvalues 3.04 1.62 1.35
Variance (%) 38.0 20.2 16.9

V 0.92 0.20 −0.01
Ni 0.78 −0.10 0.16
Cu 0.23 0.63 0.16
Zn 0.08 −0.07 0.91
As 0.86 0.40 0.05
Mo 0.88 0.23 0.15
Cd 0.16 0.52 0.67
Pb 0.06 0.83 −0.06

3.3. Assessment of Water Quality and Health Risk

The WQI of different sampling sites in the study area was calculated, as plotted
in Figure 5. The average WQI value of the whole upper TGR area was 13.4 ± 3.6, and
the site average values of WQI in the main channel and tributaries of upper TGR area
were 14.1 ± 3.4 and 11.6 ± 3.6, respectively, indicating a better water quality of tributaries.
According to the result of each site, all the sampling sites had excellent water quality
(WQI < 25, Figure 5) except for site S3, which presented a WQI that exceeded 25 (good
water quality). For the main channel, the WQI values decreased overall from upper to
lower reaches with a WQI range from 8.9 (S33) to 28.5 (S3). The WQI values of tributaries
also showed a variation from 7.5 to 18.1. The lowest WQI value was observed in tributary
XJ (S49), while the highest was found in tributary TJ (S42). These results reveal that the
water quality of the main channel was improved with the influx of tributaries (relatively
better water quality) due to the potential dilution effects and the assuaging effect of varying
landscape setting [20,68]. This dilution can also be supported by the decrease of TDS
from the upper (400 mg/L) to lower reaches (200 mg/L) that reported previously [40].
It is noteworthy that the WQI was mainly contributed by the water quality parameters
of EC, TDS, F, NO3-N, and Ca (with the site average WQIi value of 1.40–1.97), while the
contribution of heavy metals was relatively low, since only As showed an average WQIi
value of 1.13 (Table 1). Cl was also an important contributor of the WQI in the main channel
(e.g., S1–S19, Figure 5), and the contribution of SO4 to the WQI was also non-negligible
at S10–S19, reflecting the source variation characteristics of these components (e.g., the
human emission intensity and differences in rock weathering) [40,69]. Compared with large
rivers of China and the polluted urban rivers, such as Zhujiang River (WQI = 1.3–43.9) [20],
Langcangjiang River (WQI = 1–25) [37], and Terme River (WQI = 37.3–86.0) [42], the
assessed results in the upper TGR area during the study period were pretty good. In
summary, the river water in the upper TGR area met the requirements for drinking purposes
based on the assessment of main water quality parameters and heavy metals, but it is still
necessary to pay more attention to As.

The average concentration-based HQ and HI values of the HMs for adults and children
in the main channel and tributaries in the upper TGR area were calculated, as plotted in
Figure 6. The calculated HQingestion, HQdermal, and HI values of all HMs for adults and
children were less than 1, revealing that the investigated metals exposure via ingestion and
dermal absorption were all below the harmful level. the health effects of the studied HMs
on human beings are limited. Among the calculated results, the HQingestion values of most
metals (except V) contributed more to HI than HQdermal values (Figure 6). It is noteworthy
that the calculated HQ and HI values of all metals for children were greater than those for
adults, indicating that a higher potential exposure risk of HMs for children existed, which
was similar to the calculated results in other Chinese large rivers, such as Zhujiang River
and Lancangjiang River [20,37]. There were no obvious differences between the HI and
HQ values of the main channel and tributaries due the similar average HM concentrations.
Moreover, a previous study suggested that the potentially risky effects may also occur if

44



Water 2021, 13, 2078

HI for children is >0.1 [44]. The HI values of V and As for children exceeded 0.1 in this
study (Figure 6b,d); therefore, the risk of these two metals were not completely negligible,
e.g., the nephrotoxic and hepatotoxic properties and reproductive system toxicity of V [70]
and the nervous system toxicity of As [45]. Thus, regular observation and appropriate
measures need to be carried out to maintain the water quality in the upper TGR area
and further provide better support of water resources for the development of the within-
watershed economy.

Figure 5. The spatial variations in the WQI along the main channel and tributaries of the upper TGR area.

Figure 6. The HQ and HI values of HMs in the main channel and tributaries of the upper TGR area for adults and children,
(a) HI values for adult in main channel, (b) HI values for children in main channel, (c) HI values for adult in tributaries,
(d) HI values for children in tributaries.
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4. Conclusions

The concentrations of heavy metals of river water in the upper TGR area exhibited
significant spatial heterogeneity in both the main channel and tributaries. As, V, and Ni
were the most abundant metals with the mean concentrations exceeding 1.40 μg/L, which
were about eight times higher than the background values of the source area of the Yangtze
River. All heavy metal concentrations were within the allowable values of drinking water
guidelines. The water quality and health risk assessment indicated a good water quality
and low risk level in the study area. Source identification suggested that V, Ni, As, and Mo
were mainly contributed by anthropogenic inputs, Cu and Pb were primarily attributed
to the contribution of mixed origins of human emissions and natural processes, and Zn
and Cd were mainly controlled by the natural sources. Overall, good water quality was
observed in the upper TGR area during the flood season, but the estimation of HM fluxes
and the seasonal variations of HMs are still unclear. Moreover, the understanding of
water/particle interaction of HMs (in dissolved and suspended loads) is also limited. Thus,
high-frequency sampling (seasonally or monthly sampling) of both water and suspended
load samples is a future concern.
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Abstract: Gadolinium (Gd), a member of the rare earth elements (REE), is becoming an increasingly
observed microcontaminant in waters of developed regions. Anthropogenic Gd anomalies were first
noted in 1996 and were determined to be sourced from Gd-based contrast agents used in magnetic
resonance imaging (MRI). This study investigates Gd anomalies in North Carolina’s Triangle Area,
focusing on surrounding wastewater treatment plants (WWTPs). Samples were obtained from
upstream and downstream of selected WWTPs as well as a freshwater reservoir that supplies part of
the region’s drinking water. The PAAS-normalized samples indicate Gd anomalies in the influent,
effluent, and downstream samples. We quantify the anthropogenic Gd in wastewater samples to
constitute between 98.1% to 99.8%. Sample comparisons show an average increase of 45.3% estimated
anthropogenic Gd between samples upstream and downstream of WWTPs. This research contributes
to the existing database demonstrating the presence of anthropogenic Gd in developed regions.
Although current Gd concentrations are not near toxic levels, they should be continuously monitored
as a micropollutant and serve as a wastewater tracer.

Keywords: gadolinium; rare earth elements; micropollutants; wastewater treatment; anthropogenic
contaminants

1. Introduction

The rare earth elements (REEs) refer to the lanthanides group including elements
Lanthanum (La) to Lutetium (Lu) as well as Scandium (Sc) and Yttrium (Y). These elements
are grouped together as they tend to behave similarly in natural systems. However, the
absolute concentration of individual REEs can vary by orders of magnitude in the same en-
vironment. Usually, the measured concentrations in a sample are normalized to a reference
material representing its REE source, such as PAAS (Post-Archean Australian Shale) [1–3].
Undistributed REEs should produce a coherent and smooth pattern while any deviation of
an element from the group can reflect processes causing the redistribution. Such deviations
are defined as anomalies and can be calculated by comparing the elemental concentration
to its neighbors. The development of modern technologies has led to a quickly raised
demand of these previously “exotic” elements. As a result, REEs of anthropogenic origin
have been increasingly found in the environment.

In 1996, the first anthropogenic REE anomaly was observed for the element Gadolin-
ium (Gd) in rivers of developed regions in Germany [4]. Since then, numerous studies have
reported similar anomalies in rivers [5–13], lakes [14], coastal waters [5,15–18], ground-
water [6,9], wastewater [9,15,19], tap water [20,21], and even tap water-based beverages
in fast food franchises [22] in developed regions across the world. The original study
suggested magnetic resonance imaging (MRI) contrast agents as the most likely source
of anthropogenic Gd in the natural environment. Gd-based compounds are the most
commonly used MRI contrast agents. These water-soluble compounds are injected into
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the body prior to select MRI exams to enhance produced scans and then urinated out of
the body within the next 7 days (>90% in 12 hours [23]). As most traditional wastewater
treatment processes do not remove anthropogenic Gd, it is released into natural waters.

In 2019, the Organization for Economic Co-operation and Development (OECD)
reported that the United States had the second highest amount of hospital MRI and
fourth highest number of hospital MRI exams completed in 2017 when compared to other
countries. Between 2007 and 2017, the amount of hospital MRI scans completed in the
United States increased from 91 to 111 scans per thousand population [24].

While anthropogenic Gd anomalies have been observed and studied in many lo-
cations, few studies focus specifically on anthropogenic Gd in North America despite
the high number of MRI examinations [7,8,17]. In this study, we collected surface water
samples upstream and downstream of select wastewater treatment plants (WWTPs) in
North Carolina’s “Triangle Area” as well as influent and effluent samples from two of the
WWTPs. Additionally, we sampled a lake downstream of a WWTP that provides water
for human use in the region. A previous study on REEs in the Neuse River documented
an anthropogenic Gd component in the region [1]. This study aims to understand how
WWTP effluent impacts Gd concentrations in surface waters in the area and supplement
the existing evidence and analysis of anthropogenic Gd in North America.

2. Materials and Methods

2.1. Location of Study

North Carolina’s “Triangle Area” is a term commonly used to refer to the state’s
Research Triangle Park, the largest research park in the United States, and its surrounding
area that houses much of its workforce. The name refers to the shape obtained by using
the three surrounding cities as points: Raleigh, Durham, and Chapel Hill. While not a
particularly densely populated region when compared to some other urban areas, it holds
extensive healthcare amenities and facilities. The area belongs to two river basins: the
Neuse River Basin to the west and the Cape Fear River Basin to the east. It is located
in North Carolina’s Piedmont region which is defined primarily by Proterozoic to late
Cambrian granite, gneiss, and metamorphosed epiclastic and volcaniclastic rocks [25].

Surface water samples were collected at Morgan Creek in Chapel Hill, Northeast Creek
in Durham, and the Neuse River in Raleigh in December 2017 (Figure 1). These streams
were sampled both upstream and downstream of the WWTPs. Each of these WWTPs
represents an approximate “corner” of the North Carolina Triangle Area. Supplementary
data for the same Neuse River sampling locations were also taken from a previous study
with samples from December 2015 [1]. Additional surface water samples were taken from
Jordan Lake and the Cape Fear River. Jordan Lake is an artificial freshwater reservoir that
is supplied water by both Morgan Creek and Northeast Creek. In addition, 44% of Jordan
Lake’s water is allocated for human use in the Triangle Area [26]. Wastewater influent and
effluent samples were obtained from Mason Farm and Triangle WWTPs located on Morgan
and Northeast Creek, respectively. We were unable to obtain influent and effluent samples
from the Neuse WWTP (Neuse River Resource Recovery Facility).

52



Water 2021, 13, 1895

Figure 1. Map of North Carolina’s Cape Fear and Neuse River Basins with the sample sites and
associated WWTPs. The State of North Carolina is shaded in a base map of the United States.

2.2. Sampling and Analyses

Samples were collected in 250 ml Nalgene sampling bottles that were precleaned by
10% HCl overnight and milliQ™ water. For each sample, the bottle was rinsed three times
using local river water before collecting. All samples were filtered using 0.45 μm cellulose
acetate (CA) membrane filters offsite within the same day of sampling. Further, 100 mL
of local river water was run through a new CA membrane filter and then discarded to
prevent cross contamination from prior samplings. Between each filtering session, the
filtering device was rinsed with ~750 mL of milliQ™ water. Filtered samples relocated to
another clean Nalgene bottle and acidified by adding 2% concentrated nitric acid. Then,
the bottles were wrapped with parafilm to minimize evaporation and then stored in a
Fisher Scientific Isotemp™ refrigerator at the University of North Carolina, Chapel Hill,
USA until REE analysis.

REE analysis was performed using an Agilent™ 7900 Quadrupole Inductively Cou-
pled Plasma Mass Spectrometer (Q-ICP-MS) at the Plasma Mass Spectrometry (PMS)
Laboratory at the University of North Carolina at Chapel Hill, USA. Calibration standards
of 1000, 100, 10, and 5 ppt of REE concentrations were prepared from a 1000 ppm REE
standard to measure REE concentrations of the dissolved loads in the sampled waters.
Then, 100 ppb of Indium was used as the internal standard to correct instrumental drift.
To minimize interferences, oxide presence in the plasma stream was controlled to be less
than 1% in no-gas mode and 0.3% in Helium collision cell mode. To evaluate accuracy of
the analysis, we analyzed a reference material for river water (SLRS-5) from the National
Research Council of Canada every five samples. Repeated analysis (n = 3) of the SLRS-5
standard yielded average accuracy of <3% for La, Pr, Nd, Yb, <6% for Y, Ce, Tm, Lu, <10%
for most of the rest of REE. Relative standard deviation (RSD) ranged from 1.1–15.6% with
a mean RSD of 5.1%.

To characterize REE patterns, measured REE concentrations were normalized to the
composition of Post-Archaean Australian Shale (PAAS) [27]. The Gd anomalies were
calculated via interpolation of SmSN and TbSN [8]:

GdSN / Gd*SN = GdSN / (0.33 SmSN + 0.67 TbSN) (1)
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The subscript SN denotes sample concentration normalized to PAAS and * denotes the
natural background value excluding anomalies. Anthropogenic Gd, can be calculated as
follows [10]:

Gd* = Gd*SN × [GdPAAS] (2)

Gdanth = Gdmeasured - Gd* (3)

[GdPAAS] refers to the concentration of Gd in PAAS. To account for the naturally
occurring Gd anomaly, a factor of 1.1 was multiplied to Gd* in equation 3 [19].

3. Results

3.1. REE + Y Concentrations

REE concentrations obtained from all the prepared samples as well as the supplemen-
tal data from [1] are shown in Table 1. Total REE concentrations (∑REE) for surface water
samples range from 0.44 to 7.2 ppb with an average of 1.58 ppb. ∑REE concentrations from
WWTP samples range from 0.27 to 0.72 ppb with an average of 0.48 ppb. Total rare earth
elements and yttrium (∑REY) concentrations for surface water samples range from 0.57 to
8.4 ppb with an average of 2.0 ppb. ∑REY concentrations for WWTP samples range from
0.40 to 0.73 ppb with an average of 0.52 ppb. The supplemental data did not include Y
concentrations, so it is not included in ∑REY. However, Y is often included with REEs as
it behaves similarly. Overall, WWTP samples have less dissolved ∑REE and ∑REY than
surface water samples.

Table 1. Concentrations of rare earth elements in the sampled Triangle Area waters and WWTP influents and effluents. For
WWTP samples, -I indicates the influent sample and -E indicates the effluent samples from the named WWTP.

Sample 1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE Y ∑REY

ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppb ppt ppb
MC-1 115 170 28.4 116 22.4 9.73 26.4 3.71 21.8 4.85 13.0 2.08 14.5 2.28 0.550 143 0.693
MC-2 184 272 44.2 181 35.6 12.5 390 5.86 42.6 9.70 30.1 4.69 33.6 5.03 1.25 272 1.52
NC-1 1376 2831 360 1412 294 72.2 289 43.0 254 44.3 113 16.6 106 14.8 7.23 1223 8.45
NC-2 346 746 91.1 355 70.8 18.2 186 10.4 61.6 11.6 28.9 4.71 30.5 13.5 1.97 387 2.36
NR-1 212 271 46.4 179 34.4 10.5 41.3 4.65 31.0 6.30 17.0 2.76 17.1 2.62 0.877 212 1.09
NR-2 276 392 61.3 241 50.5 13.3 71.5 6.56 40.2 7.99 21.4 3.17 20.2 3.28 1.21 249 1.46
NR-3 88.6 126 22.5 101 21.6 7.17 31.8 3.15 20.9 4.93 15.6 2.31 16.2 3.02 0.465 - -
NR-4 77.6 101 20.0 90.2 19.1 6.15 61.2 2.83 18.2 4.29 13.9 2.23 15.4 2.91 0.435 - -
JL-1 105 222 21.9 79.6 12.1 6.72 35.1 1.40 7.52 1.62 5.17 1.00 6.74 1.37 0.507 64.8 0.572
JL-2 216 492 49.3 188 39.6 10.6 122 4.17 26.6 5.03 13.5 2.13 13.2 2.46 1.19 176 1.36
CR-1 319 677 81.9 326 67.7 21.7 96.3 9.60 55.9 11.0 30.3 4.55 26.5 3.90 1.73 338 2.07
MF-I 3.16 7.20 0.647 3.51 0.704 3.59 390 0.164 0.386 0.154 0.353 0.089 2.24 0.265 0.413 4.98 0.418
MF-E 4.00 11.0 1.20 5.28 0.763 0.614 690 0.319 1.24 0.469 1.47 0.273 5.26 0.567 0.723 10.4 0.733

T-I 31.1 30.4 3.29 14.6 3.74 6.93 413 0.291 2.80 0.574 1.41 0.274 4.49 2.18 0.516 46.5 0.521
T-E 12.3 33.4 3.69 16.9 4.05 1.85 165 0.444 4.32 1.11 3.95 0.881 9.21 16.5 0.273 129 0.402

1 MC: Morgan Creek, NC: Northeast Creek, NR: Neuse River (where 3 and 4 refer respectively to the upstream and downstream samples
from [1]), JL: Jordan Lake, CR: Cape Fear River, MF: Mason Farm WWTP, T: Triangle WWTP.

Surface water samples from 2017 show enrichment of heavy REEs (HREE; Gd to Lu)
in relation to lighter REEs (LREE; La to Eu) with LaSN/YbSN values ranging from 0.35 to
0.98 except for one sample—MF-E (Table 2). LaSN/YbSN is a ratio used to show relative
enrichment in the lanthanides; HREE enrichment is indicated when the ratio is <1. The
enrichments from the samples agree with those of the previous study of REEs in the Neuse
River and is representative of REE enrichment in the geology underlying the streams of
this region [1]. WWTP samples also show HREE enrichment with LaSN/YbSN ranging
from 0.048 to 0.44. This enrichment is, on average, smaller than that of the sampled surface
waters. There is one surface water sample (JL-2) that shows a slight LREE enrichment with
a LaSN/YbSN value of 1.04.
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Table 2. Select quantities for samples including LaSN/YbSN used to indicate fractionation between
LREE and HREE, Gd anomaly (GdSN/GdSN* as quantified in Equation (1)), ppt of Gd estimated to be
of anthropogenic origin (Gdanth), and percent of anthropogenic Gd of total Gd in sample (%Gdanth).
For WWTP samples, -I indicates the influent sample and -E indicates the effluent samples from the
named WWTP.

Sample 1 LaSN/YbSN GdSN/GdSN* Gdanth %Gdanth

MC-1 0.498 1.29 3.90 14.7
MC-2 0.346 12.0 354 90.9
NC-1 0.819 1.17 17.1 5.92
NC-2 0.717 3.10 120 64.5
NR-1 0.785 1.50 11.1 26.9
NR-2 0.863 1.82 28.3 39.5
NR-3 0.346 1.75 11.9 37.3
NR-4 0.319 3.78 43.4 70.9
JL-1 0.048 4.00 25.4 72.5
JL-2 0.437 4.49 91.9 75.5
CR-1 0.085 1.73 35.0 36.3
MF-I 0.987 473 389 99.8
MF-E 1.04 481 689 99.8

T-I 0.759 191 411 99.4
T-E 0.089 58.0 161 98.1

1 MC: Morgan Creek, NC: Northeast Creek, NR: Neuse River (where 3 and 4 refer respectively to the upstream and
downstream samples from [1]), JL: Jordan Lake, CR: Cape Fear River, MF: Mason Farm WWTP, T: Triangle WWTP.

3.2. PAAS-Normalization and Anthropogenic Gd

PAAS-normalized REE distributions of samples show a relatively flat pattern (Figure 2).
The main exception to this is the positive Gd anomaly present in WWTP samples, samples
downstream of WWTPs, and the Jordan Lake samples. The Neuse River samples show the
most nonlinear patterns beyond the Gd anomaly with a small negative Ce anomaly in each
sample. Both negative Ce anomalies and occasional positive Eu anomalies are common in
pristine waters unaffected by anthropogenic inputs [26,27]. Unlike other studies on REEs
as microcontaminants, there does not seem to be any contamination from anthropogenic
La or Sm [7].

The Gd anomaly (GdSN / GdSN*), approximated Gd concentration (Gdanth), and
percent of total Gd estimated to be from anthropogenic origin (%Gdanth) are also shown
in Table 2. The highest Gd anomalies are found in the WWTP samples ranging from 58.0
to 481 with an average of 301. Surface water sample Gd anomalies range from 1.2 to 12.0
with an average of 1.4 in the samples upstream of WWTPs and 5.2 in the downstream
samples. Jordan Lake samples have anomalies of 4.0 and 4.5 with the downstream of the
lake having a lower anomaly of 1.73. Estimated Gdanth concentrations range from 3.9 to
689 ppt. The highest Gdanth concentrations were all from WWTP samples with a range of
0.39 to 0.69 ppb. The %Gdanth in these samples were estimated to be 98.1% to 99.8%. The
upstream samples had the smallest percentages with estimates from 5.9% to 26.9% Jordan
Lake samples contained %Gdanth values of 72.5% and 75.5% with a decrease to 36.3% at
the downstream.
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Figure 2. PAAS-normalized REE distributions for: (A) Morgan Creek and Mason Farm WWTP
samples; (B) Northeast Creek and Durham WWTP sample; (C) Neuse River samples; and (D) Jordan
Lake samples.

4. Discussion

4.1. Anthropogenic Gd and Its Sources

The occurrence of a small positive Gd anomaly (no higher than 1.4) is common to
natural seawater due to the “tetrad effect” from Gd’s half-filled 4f electron shell and REE
scavenging by organic surface ligands which possess a negative Gd anomaly [28,29]. There-
fore, to account for a margin of error, anomalies less than 1.4 will be considered to indicate
pristine waters. In this study, only two of the Gd anomalies have a Gd anomaly of less than
1.4. These samples are the upstream samples for Northeast Creek and Morgan Creek. The
Neuse River upstream shows anomaly values of 1.5 and 1.8, indicating anthropogenic Gd.
This is likely because the Neuse River receives wastewater effluent from other WWTPs on
streams that feed into it (such as the Smith Creek WWTP) prior to reaching the WWTP
location assessed in this study. All other locations had an anomaly of at least 1.7, indicating
their anomalies are all due to anthropogenic inputs. The presence of anthropogenic Gd
in Jordan Lake (Gd anomalies of 4.0 and 4.5) and its downstream (Gd anomaly of 1.7) at
locations roughly 14, 25, and 32 kilometers respectively downstream of the Mason Farm
WWTP display the persistence of anthropogenic Gd in the environment and its efficacy as
a wastewater tracer.

As surface water samples have the highest ∑REY, WWTP effluent is likely not a major
contributor of overall REY concentrations in the studied streams. However, there is a large
increase in estimated %Gdanth between upstream and downstream samples (14.7 to 90.9%
for Morgan Creek; 5.9 to 64.5% for Northeast Creek, and 26.9 to 39.5% and 37.3 to 70.9% for
the Neuse River). This indicates that WWTP effluent is a large contributor of anthropogenic
Gd to the downstream of these rivers. Influent and effluent samples all had an estimated
%Gdanth of at least 98.1%.

The most likely source of anthropogenic Gd in WWTP samples are Gd-based contrast
agents (GBCAs). GBCAs are the most common MRI contrast agent and have been widely
used since approval by the FDDA in 1988. Gd3+ as a free ion can compete with Ca2+

making it toxic to biological systems, thus it is chelated to an organic ligand to make it safe
for injection [30]. Though recent studies have shown that a portion of the injected Gd can
accumulate in the brain, bones, and tissues, the majority is urinated out of the body within
12 h of exposure [23,31]. Effluent released into surface waters from WWTPs contain all
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excreted Gd as conventional wastewater treatment processes do not remove the element.
Patients are typically injected with low doses of Gd, but with the number of MRI scans
conducted each year and the increase in scans per year, longitudinal studies have shown
significant increases in the amount of anthropogenic Gd in waters of developed regions
over the years [17,32].

4.2. Health and Ecotoxicological Effects

The first evidence of health effects from usage of GBCAs were noticed 18 years after
their introduction. While GBCAs are not considered to be harmful, repeated injection
can lead to noticeable Gd retention in the body and cause nephrogenic systemic fibrosis
(NSF) [31,33,34]. With regards to Gd as a potential anthropogenic contaminant in natural
waters, not much is known. Natural Gd in surface water is partially removed from the
dissolved pool of water due to its tendency to coagulate into a colloid in low salinity
waters [16]. As GBCAs injected into the body must be highly stable, anthropogenic Gd in
the environment should likely be nonreactive in comparison and stay in the dissolved pool.
For example, mussels in locations downstream of WWTPs have been shown to incorporate
anthropogenic Sm and La into their shells, but not anthropogenic Gd, suggesting that it is
not bioavailable in comparison to geogenic Gd [35]. This distinction along with GBCAs’
relatively long half-life of several weeks explains how anthropogenic Gd can be used as a
tracer for wastewater [36].

There are few studies that investigate the health effects of Gd alone. Most studies focus
on other REEs such as Sm or La or investigate REE patterns. Some recent studies reported
that REEs can accumulate in humans due to ingestion of food with high REE concentrations
in contaminated soil [37,38]. Thus, drinking water with high REE concentrations could
also be a potential source of REE accumulation. While anthropogenic Gd has not been
bioavailable in streams, LREEs have been found to bioconcentrate in carps and specific REEs
have been shown to be toxic in high enough concentrations to various organisms [39–41].
However, our sample with the highest ∑REE is magnitudes below one of the lowest REE
concentration limits (1.39ppm of La) where ecotoxicological effects were found [40]. While
the waters sampled in this study do not approach levels that cause known ecotoxicological
effects, at least one other study has noted ∑REY levels above such limits [10]. Thus,
especially with Jordan Lake as a crucial source of drinking water, Gd and other REY should
be monitored as a future micropollutant in the region.

5. Conclusions

Few studies exist that show the presence of anthropogenic Gd in North American
waters. This study analyzed dissolved Gd concentrations in rivers of North Carolina’s
Triangle Area with attention to WWTPs. Samples upstream and downstream of WWTPs
were obtained as well as samples of effluent and influent of two of the three selected
WWTPs. We found Gd anomalies in all samples but two of the upstream samples from
pristine streams. A large change in the percentage of anthropogenic Gd (%Gdanth) exists
from upstream to downstream, demonstrating WWTP effluents large contribution of
anthropogenic Gd to natural waters. The presence of anthropogenic Gd anomaly in
samples taken from over 30 kilometers downstream of a WWTP indicates anthropogenic
Gd’s persistence in the environment and its utility as a wastewater tracer. Despite that there
are no current health hazards or ecotoxicological effects at the measured concentrations
in this region, Gd anomaly and total REE concentrations should be monitored because of
their ability to have toxic health effects.
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Abstract: The semi-distributed physically based ECOMAG-HM model was applied to simulate the
cycling of the heavy metals (HM) Cu, Zn, and Mn, and to identify spatial and temporal patterns of
heavy metal pollution in water bodies of a large river catchment of the Nizhnekamskoe reservoir
(NKR) in Russia. The main river of the catchment is the Belaya River, one of the most polluted
rivers in the Southern Urals. The model was tested against long-term data on hydrological and
hydrochemical monitoring of water bodies. It is shown that the pollution of rivers is formed mainly
due to diffuse wash-off of metals into rivers from the soil-ground layer. Numerical experiments
to assess the impact of water economic activities on river pollution were carried out by modeling
scenarios of changes in the amount of metal discharged with wastewater, a disaster with a salvo
discharge of pollutants, and the exclusion of anthropogenic impact on the catchment to assess self-
purification of the basin. Modeling of chemical runoff in accordance with the delta-change climatic
scenario showed that significant changes in water quality characteristics should not be expected in
the near future up to 2050.

Keywords: ECOMAG-HM model; river basin; heavy metals; pollution modeling; climate and
management change impacts

1. Introduction

Heavy metals (HMs) are one of the most dangerous pollutants of the environment.
The main anthropogenic sources of HM are various enterprises of ferrous and non-ferrous
metallurgy, mining enterprises, chemical enterprises, fuel installations, cement plants,
electroplating industries, and transport. HM released into the environment are not decom-
posed, but rather only redistributed between its individual components. HMs accumulate
relatively easily in soils, but their removal is slow. For example, the period of semi-removal
of zinc from the soil is up to 500 years, while copper takes up to 1500 years [1]. In micro
quantities, HMs are necessary for the processes of vital activity of organisms. Excessive
amounts of HM are easily accumulated by the organs and tissues of hydrobionts and
humans, adversely affecting their health and increasing the environmental risks of morbid-
ity [2,3]. One of the main factors of the temporary detoxification of natural waters from HM
ions is their adsorption by suspended particles, deposition in the form of poorly soluble
inorganic compounds, and burial in bottom sediments.

HMs are one of the most common pollutants in the surface waters of Russia [4].
Their content in water bodies often exceeds the maximum allowed concentrations (MAC)
established by the Russian Federation (Table 1), not only for fisheries and water use, but
also for drinking water. Cases of high and extremely high pollution of HMs are recorded in
individual water bodies, at which their concentrations reach values of 30–50 MAC or more.
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Table 1. Maximum allowed concentrations (MAC) for some heavy metals (HM) in the Russian
Federation (mg·L−1).

HM
MAC in Water Bodies

for Drinking Water for Fisheries

Cd 0.001 0.005
Mn 0.1 0.01
Cu 1.0 0.001
As 0.01 0.05
Ni 0.02 0.01
Hg 0.0005 0.00001
Pb 0.01 0.006
Zn 1.0 0.01

Cr3+ 0.5 0.07
Cr6+ 0.05 0.02

In recent decades, a significant decrease in the amount of wastewater discharged
through point sources and, accordingly, the amount of pollutants, has been observed in
most river catchments of the Russian Federation [5,6]. However, the expected decrease in
the HM content in many water bodies is not marked [4,7]. This discrepancy indicates the
need to deepen the understanding of the influence of various processes occurring in river
basins on the formation of river water quality. Such investigations are complicated by a
number of circumstances. Firstly, the existing network of state hydrochemical monitoring
of water bodies in Russia has large spatial and temporal sparsity, which makes it difficult
to reliably identify the regularities of the hydrochemical regime and the formation of the
quality of river water under the influence of changing natural and anthropogenic factors.
Secondly, due to the imperfection of the accounting system of water user enterprises
that provide statistical reports on wastewater discharges, it is quite difficult to correctly
assess the contribution of point sources to water pollution [8–10]. Third, monitoring of
diffuse sources of pollution in the catchment area is not carried out. The best indicators of
diffuse pollution are medium and, especially, small rivers, but hydrochemical monitoring
points are mainly located only in large rivers in places of organized wastewater discharge:
Individual large industrial enterprises, thermal power plants, nuclear power plants, as well
as in the locations of cities and large settlements. Prospects for studying the patterns of
HM content in river basins, predicting its changes with possible changes in climate and
economic activity, and planning water protection measures in low-light conditions with
observational data are associated with the construction of mathematical models describing
these patterns.

Modeling the water quality of river catchments has a relatively long history. Intensive
development of methods for assessing river pollution associated with the use of fertilizers
in agriculture began in the 1960s. These methods were based mainly on empirical relation-
ships for calculating pollutant washouts from agricultural fields using correlations with
climatic and physico-geographic parameters [11].

One of the first conceptual field-scale models of water quality was the CREAMS model
(Chemicals Runoff and Erosion from Agricultural Management Systems) [12]. The model
includes a description of processes in hydrology, erosion, plant, and chemistry sub-models
and is used in agricultural management practices. The main limitations of the CREAMS
are related to the small size of the simulated area bound by the agricultural field. The
ideology of the CREAMS model was the impetus for the creation of many modifications
of conceptual models, describing water quality formation in areas with nonpoint spatial
pollution (reviews can be found in [13–16]).

Since the 2000s, semi-distributed models of the river runoff and water quality for-
mation have been used to evaluate the effects of alternative management decisions on
water resources and non-point source pollution in river basins. Among others, the Soil and
Water Assessment Tool (SWAT) is widely used for the simulation of river discharge and
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pollution loads at different scales: From the continental scale [17], through the regional
scale [18], to the scale of individual river catchments [19,20]. There is evidence in using
semi-distributed models for the evaluation of measures to reduce contaminant loads and
improve the ecological status of water bodies in Germany (SWIM, Soil and Water Integrated
Model [21]; MONERIS, Modeling Nutrient Emissions in River Systems [22]; METALPOL
model [23]) and in Sweden (HYPE, Hydrological Predictions for the Environment [24]) in
the framework of the implementation of the European Water Framework Directive. In
semi-distributed models, the watershed is divided into several subbasins—Hydrological
Response Units (HRUs). Each HRU is divided into several layers, and the vertical and hori-
zontal fluxes of water, sediment, and nutrients loadings that move into the river network
are modeled. Previous authors [24] drew comparisons between several semi-distributed
water quality models based on their complexity, input data constraints, and performance
of the models. Overviews of the water quality formation models can be found in [25–28].

Most of the semi-distributed models of water quality formation in river basins were
used mainly for biogenic elements (nitrogen and phosphorus). Much less research is
devoted to modeling the formation, transport, and transformation of heavy metals in
rivers, which may create serious environmental problems in the region. Such models
are usually developed for mining areas [29] with widespread waste rock dumps, tailing
dumps [19], and contaminated soil [30], as well as in areas with a wide spread of “dirty”
industries [31]. For example, in [19], the load of HM transported by the highly contaminated
mine drainage river has been assessed using a combination of the SWAT model (for
hydrological simulation) and an empirical equation statistically relating local discharge
with the concentration of elements. A statistical approach using a multilayer perceptron
neural network model was also used in [29] to forecast the content of HM pollutants in
stormwater sediments on the basis of atmospheric data and catchment physico-geographic
characteristics. In [31], a detailed heavy metal transport and transformation module was
developed and combined with the SWAT model for the purpose of simulating the fate and
transport of metals at the watershed scale. This modification of the SWAT-HM model was
calibrated and validated to simulate Zn and Cd dynamics in the watershed, which has
been impacted by mining activities for decades. The authors noted that the developed
model has a high potential for application in environmental risk analysis and pollution
control to provide scientific support for pollution control and remediation decisions.

One physically based model of runoff and water quality formation in river basins
developed in Russia is the ECOMAG-HM model (Ecological Model for Applied Geophysics–
Heavy Metals) [30,32]. The model is well adapted to the description of processes in
river basins with a snow-type water regime, as well as the structure and composition of
hydrometeorological information in Russia. The hydrological module of the ECOMAG
model has been repeatedly tested on many large river basins and is used in the practice
of hydrological calculations, forecasts, and water resource management in the Russian
Federation [33]. The hydrochemical module was applied to assess possible changes in
river water pollution under various scenarios of the Pechenganikel mining complex in the
north-west of the Kola Peninsula, which creates environmental problems in the region [30].
Besides, the model was verified using hydrochemical monitoring data in a large river
basin to study the regime of HM concentrations in the watercourses of the Nizhnekamskoe
reservoir (NKR) catchment in Russia (for copper [32] and zinc [34]) [35].

The main purpose of the study is to assess the ECOMAG-HM model’s potential to
study spatio-temporal patterns of HM runoff formation in a large river basin (with the
example of the NKR basin) to quantify scenarios of the water protection measures under
possible changes in water economic activity and climate. The specific objectives of the
study were (a) to evaluate the capabilities of the model for assessing HM pollution of
river waters in various sections of the river network to solve the problem of designing a
hydrochemical monitoring network; (b) to assess the contributions of diffuse and point
anthropogenic sources to HM pollution in the NKR watershed; (c) to assess changes in
water quality of water bodies under various scenarios of anthropogenic load on the river
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basin; and (d) to assess changes in the hydrological and hydrochemical regime of rivers
under a scenario of possible climatic changes. In this paper, in the section of the testing
results of the model, more attention is paid to the study of the spatio-temporal patterns
of manganese in river waters. The results of the copper and zinc simulations in the river
system are used for comparison with the manganese regime, as well as to illustrate the HM
regimes under various scenarios of changes in water economic activity and climate.

2. Materials and Methods

2.1. Study Area: The Nizhnekamskoe Reservoir Watershed

The Nizhnekamskoe reservoir was created in the valley of the Kama River (the largest
tributary of the Volga River) in 1979. The area of the NKR watershed between the Nizh-
nekamsk (Naberezhnye Chelny city) and Votkinsk (Tchaikovsky city) hydropower plants
is 186,000 km2, most of it (142,000 km2) occupied by the basin of the Belaya River River
(Figure 1). About 2/3 of the catchment area in the western and central parts is flat territories,
and the eastern part is the Ural folded mountain region. The average height of the basin
is 392 m, and the highest is 1654 m (Yaman-Tau Mountain). Forest occupies about 50% of
the territory.

Figure 1. Map of the Nizhnekamskoe Reservoir (NKR) watershed and location of monitoring posts:
Hydrological gauges (circles) and hydrochemical monitoring points (triangles). The inset shows the
location of the NKR watershed (pink) in the Volga basin (gray) and Eurasian continent.

The climate of the territory is continental. There are a number of transitions from
the climate of semi-arid steppe regions, where the annual precipitation ranges from
300–400 mm and the average annual air temperature is about 3 ◦C, to more humid ar-
eas (north-eastern and eastern mountain-forest), where the annual precipitation exceeds
600 mm and the average annual air temperature is below 1 ◦C. The rivers are mainly fed
by snow. More than 60% of the annual runoff passes during the spring flood. The average
annual lateral inflow of water to the NKR is 36.5 km3, of which 26.1 is accounted for by the
flow of the Belaya River. To compensate for the shortage of water resources, which often
occurs in low-water years, about 400 reservoirs and ponds with a volume of more than
100,000 m3, as well as many smaller ponds, operate in the basin. The largest reservoirs are
Pavlovskoye on the Ufa River, Nugushskoye on the Nugush River, and Yumaguzinskoye
on the Belaya River.

A feature of the geological structure of the territory is the wide distribution of ore
deposits and the significant concentration of ore elements in rocks. More than 3000 deposits
and manifestations of various types of minerals have been discovered in the NKR basin [36].
The soils of the catchment area (chernozems, sod-podzolic, gray forest) are characterized by
a high content of humus and heavy mechanical composition. Well-drained mountain soils
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are common in the east of the region. Soils inherit the chemical composition of soil-forming
rocks. In the soil, HMs are included in the composition of humic substances, forming
strong complexes with humic and fulvic acids, and are not removed from it for hundreds
and thousands of years [1]. The heavy mechanical composition of soils contributes to the
increased accumulation of HM. About 60% of the studied territory is erosively dangerous
land as a result of water and wind erosion. Eroded soils enriched with trace elements
contribute to the entry of HMs into water bodies with sediments [36,37].

The industrial development of the region began almost 300 years ago, was associated
with the development of mineral deposits, and took place without taking into account
environmental restrictions. “Ancient” anthropogenic-transformed mining landscapes,
modern industrial enterprises for the extraction and processing of mineral resources, large
settlements, and their infrastructure objects are sources of additional metal supply to the
catchment area. In the eastern part of the catchment, such sources are mining enterprises,
while in the western and central parts, they are enterprises of oil production, oil refining,
chemistry and petrochemistry, metallurgy, mechanical engineering and energy, and objects
of storage of production and consumption waste.

As mentioned above, in recent decades, the volume of pollutants entering water
bodies from controlled point sources has been decreasing for reasons that are not fully
established: Perhaps due to the decrease in water consumption [5,6] or due to the decrease
in the number of monitored water users providing statistical environmental reports of
industry, settlements, and communal services on the 2-TP (vodkhoz) form [8]. In [38],
an assessment of the correctness of the information contained in the reporting forms
of 2-TP (vodkhoz) was evaluated. According to the results of the assessment, a large
number of cases were revealed when the amount of metal actually contained in wastewater
significantly exceeded the statistical data, and in some cases, the excess was 1–2 orders of
magnitude. The revealed differences can be explained by the shortcomings of the existing
system for monitoring the composition of wastewater at enterprises. In the absence of
automatic continuous monitoring of the HM content in wastewater at enterprises, the
assessment of the HM discharge is carried out either on the basis of individual episodic
water samples, or indirectly by the number of products produced. Such approaches
inevitably introduce significant errors in determining the actual HM discharges from point
sources [9,10].

2.2. ECOMAG-HM Model

The semi-distributed physically based ECOMAG-HM model [30,32] was developed
to simulate the spatio-temporal dynamics of hydrological and hydrochemical cycle compo-
nents in large river basins. The model operates with a daily time step and consists of two
main blocks: The hydrological submodel of runoff formation and the hydrochemical sub-
model of pollutant migration and transformation. The first submodel describes the main
processes of a land hydrological cycle: Vertical fluxes (infiltration of rain and snowmelt
water into the soil, percolation of water into deeper soil horizons and groundwater zone,
evapotranspiration), changes in water and energy contents in different components of the
geosystem (snow cover formation and melting, soil freezing and melting, surface water,
soil moisture, groundwater level), and lateral fluxes (formation of surface, subsurface,
groundwater flow), which form the river runoff.

The hydrochemical submodel describes the processes of migration and transformation
of conservative pollutants in catchments. It accounts for pollutant accumulation on land
surfaces, dissolution by melt and rainwater, penetration of dissolved forms of pollutants
into soil, and interactions with soil solution and soil solid phases. Pollutants are transported
by surface, subsurface, and groundwater flows to the river network and form the lateral
diffuse inflow into rivers. The submodel of the transfer and transformation of pollutants
in the river system include the lateral diffuse inflow and load of pollutants from point
anthropogenic sources to the rivers and routed through the river network to the outlet

65



Water 2021, 13, 3214

of the catchment, taking into account the exchange of pollutants between the river water
and riverbed.

The Information-Modeling Complex (IMC) ECOMAG was developed for easy use and
adaptation of the model for river basins under various projects of information support in
water resources management, forecasting water and hydrochemical regimes, and research.
The IMC computer technology contains the calculation module of the mathematical model,
databases, and instruments for information and technological support of this module. The-
matic digital maps (a digital elevation model, hydrographic network, soils, and landscapes)
are applied for automated division of the river basin into elementary watersheds (model
cells, analog HRU in SWAT) and a schematization of the river network using the specific
GIS tool Ecomag Extension. Data on hydrometeorological, hydrochemical, and water
management monitoring as well as instruments for geoinformation processing of these
spatial data are involved in the IMC ECOMAG for calibration of the model parameters,
verification, testing of the model, and calculations for various projects.

The concept, algorithms, equations, and results of the application of the hydrological
module in operative water management and forecast practice were described in many stud-
ies [33] and applied to river basins of different scales (including the largest in the northern
hemisphere: The Volga, Lena, Selenga, Amur, Mackenzie, etc.) located in different geo-
graphic zones with different runoff formation conditions and hydrological regimes of water
bodies. The geography of application of the hydrochemical module of the ECOMAG-HM
model for environmental problems is more moderate. A description of the hydrochemical
module and results of validation of the model were published in [30,32,34,35].

2.3. Data Preparation and Model Setup

For calculations on the model, boundary conditions were set in the form of daily
spatial meteorological fields, concentrations of heavy metals in atmospheric precipitation,
and pressure groundwater feeding the upper groundwater zone. Daily data on 56 mete-
orological stations located in the NKR watershed for the 1979–2011 period were used to
construct meteorological fields of air temperature, precipitation, and air humidity deficit.
The concentrations of metals in atmospheric precipitation were set by constant values based
on the weighted average concentrations given in [39]. Furthermore, the concentrations of
metals in the pressure groundwater were set as constant values, based on the data given
in [40]. In addition, as information on the point anthropogenic sources of river water
pollution, mean annual data on metal discharges with wastewater in 12 large settlements
in the Belaya River were set on the basis of State statistical reporting forms 2-TP (vodkhoz)
for the 2002–2007 period. Maps of heavy metals content in the arable soil layer on the
territory of the Republic of Bashkortostan [41], which occupies a large part of the NKR
catchment area, were used to set the initial conditions for the hydrochemical module of the
ECOMAG-HM model.

To calibrate the model parameters and verify the hydrological module, data on daily
river discharge at 5 hydrological gauges were used. The data of observations of HM
concentrations at points of the Russian State Monitoring Survey on the Belaya River and its
tributaries were used to calibrate the parameters and test the hydrochemical module: For
copper and zinc, at 35 points for the 2004–2007 period; for manganese, at 26 points for the
2002–2007 period. As a rule, observations of the metal content in river waters were carried
out once a month.

The spatial schematization of the catchment area and the river network in the NKR
basin was produced using the Ecomag Extension tool on the basis of a digital elevation
model. As a result, 503 elementary watersheds were identified in the catchment; their
average area is about 400 km2.

The values of most of the model parameters were set from the IMC ECOMAG
databases using available maps of land surface characteristics (relief, soil, vegetation)
or were determined on the basis of literary data [42]. Some parameters of the model were
corrected using the calibration procedure by comparisons with daily runoff hydrographs
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and observations of HM concentrations in river waters at observation stations within the
framework of hydrological and hydrochemical monitoring of water bodies. Numerical
experiments have shown that the most sensitive parameters of the hydrological submodel
are the saturated hydraulic conductivities of soils, the evaporation index, and the degree–
day coefficient of snow melting. In the hydrochemical submodel, the constants of the
sorption equilibrium of HM in soils and the parameter accounting for the exchange of
metals between river water and bottom sediments were refined by calibration.

2.4. Scenarios of the Water Economic Activity Changes Experiments

In order to assess the impact of water economic activity changes on river water
pollution, a series of numerical experiments was evaluated, in which the following scenarios
were performed:

1. an increase in the amount of metal in the wastewater of all localities with controlled
wastewater discharges;

2. a salvo of a significant amount of HM into the watercourse as a result of an emergency
discharge in one of the localities;

3. complete exclusion of anthropogenic impact on the catchment.

2.4.1. Scenario 1. Change in the Amount of Wastewater Entering the River Waters

Water pollution was simulated under various scenarios of changes in the amount of
metal discharged in wastewater at 0.1, 10, 20, 40, 60, 80, and 100 times in relation to the
existing level (represented as 2-TP (vodkhoz) forms) in all localities. In fact, such changes
may be due to an increase in industrial production, or in some cases, as a result of more
objective and correct presentation of information in the 2-TP (vodkhoz) reports on the
amounts of HM discharged by water users in some localities [9,10,38].

2.4.2. Scenario 2. The Simulation of a Disaster

The simulation of an extreme situation that led to a significant amount of HM entering
the watercourse was carried out. The reason for this situation may be accidents at liquid
waste storage facilities, multiple discharges of wastewater as a result of unstable operation
of enterprises, unauthorized discharges of contaminated wastewater without treatment,
etc. The algorithm of events was as follows. As the input to the model, various amounts
of metals were dumped at a certain point in the river network during the day. Then the
concentrations of metals in the river network below the emergency point were calculated.

2.4.3. Scenario 3. Exclusion of Anthropogenic Impact on the Catchment Area

The estimation of the time scale of self-cleaning of the catchment from HM in the
scenario of complete exclusion of anthropogenic impact on the NKR basin was performed.
It was assumed that HMs were not dumped in the wastewater, and the entry of metals into
the atmosphere with industrial emissions was also excluded (the concentration of metals in
precipitation was equal to zero). The concentration of metals in the pressure groundwater
decreased to the lowest level in the range of typical values for the underground water of
the studied region. Under these conditions, numerical experiments were carried out to
estimate the dynamics of heavy metals in river waters for 400 years ahead. A series of
historical data of meteorological observations at weather stations for 33 years, from 1979
to 2011, was used as a meteorological forcing. The final results of calculations of the river
basin characteristics for 31 December 2011 were recorded at the starting point of 1 January
1979, and thus the calculations for the 33-year time series were repeated many times.

2.5. Description, Evaluation, and Processing of Climate Scenario Data

To construct a scenario of the future climate for the NKR basin, the trends in annual
temperature, precipitation, and runoff for several meteorological and hydrological stations
located in the watershed area over the period of 1956–2007 were analyzed. It was found
that at the turn of the 1980s, there were changes in climate signals between the climate
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parameters for two periods. The average air temperature for the 1980–2007 period increased
by about 1 ◦C compared to the previous period of 1956–1979. The increase in annual
precipitation over the 1980–2007 period compared to the previous period averaged for
the whole considered meteorological stations was about 10%. The difference in the mean
annual runoff was about 10% in the gauges of the Belaya River during these periods (see
examples in Figure 2). Modeling the water and chemical runoff for the future period, up to
2050, was carried out using the so-called “delta change” (DC) climatic scenario, assuming
changes in climate parameters to be the same as for the previous observation periods. So,
the obtained increments of the annual daily air temperature of 1 ◦C and daily precipitation
multiplied to 1.1 were introduced to the corresponding historical daily series of climate
parameters for the last observation period. It should be noted that similar trends in runoff
changes for the region under consideration over the past decades and in the near future
are given in the review [43].

Figure 2. Changes in mean annual air temperature (a) and precipitation (b) in Ufa station and the
mean annual discharges (c) of the Belaya River at Birsk gauge for the 1956–2007 period (dotted lines
are trends).

3. Results and Discussion

3.1. ECOMAG-HM Testing of the Model
3.1.1. Model Verification

The hydrological submodel was calibrated and verified by comparing the observed
and simulated runoff hydrographs at several hydrological stations in the NKR basin over
the 1978–2013 period. The results of the tests showed satisfactory agreement between the
observed and simulated runoff characteristics according to the Nash–Sutcliffe efficiency
criterion for the daily hydrographs, and the PBIAS criterion for the annual runoff vol-
umes [32,33]. Figure 3 shows these comparison results at four stations over the 2002–2007
period, which will be later used for the simulation of hydrochemical characteristics.
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Figure 3. Observed (blue) and simulated (red) hydrographs of the Belaya River and inflow into NKR.

An additional successful test of the model for the rivers not covered by hydrometric
observations was performed by comparing the map of the mean annual specific runoff
estimated on the basis of averaging the simulated daily runoff in the nodes (centers
of gravity) of elementary watersheds over many years with the map of specific runoff
given in SNIP-2.01.14-83 [32,44]. The latter is used in Russia for the estimation of the
hydrological characteristics in the design of hydraulic structures on rivers in the absence of
hydrometric observations.

The hydrochemical submodel was tested by comparing observed and simulated
concentrations of copper [32] and zinc [34] in different sections of rivers of the NKR basin.
The rare frequency of observations at the hydrochemical monitoring points (usually up to
12 observations per year), as well as significant errors in determining HM concentrations
in water samples (~50%), do not allow the full use of traditional statistical hydrological
criteria for comparing the results of model calculations of intra-annual HM concentrations
and episodic data of hydrochemical measurements [45]. Characteristics averaged over
longer time periods can be determined more reliably based on such data.

Examples of the comparison of the intra-annual distribution of Mn concentrations
(daily and averaged over quarter (three-month) periods) are shown in (Figure 4). As can be
seen, seasonal changes in the Mn content are characterized by increased concentrations dur-
ing high-water periods (snowmelt and rainfall runoff) and a decrease during the summer
and winter low-flow periods. Correlation analysis showed that the maximal correlation
coefficients, R, between the observed and simulated concentrations at all monitoring points
in the basin, averaged by three months (quarters), were obtained for copper in the sec-
ond quarter (the spring flood period, R = 0.55), for zinc in the second and third quarters
(R = 0.50 and R = 0.69, respectively), and for manganese in all quarters (R varies in the
range from 0.68 (fourth quarter) to 0.85 in the first quarter).

Spatial differences in the long-term mean annual HM concentrations in the Roshy-
dromet hydrochemical monitoring points located in the order from the upper reaches of
the Belaya River toward its inflow into the NKR differ significantly (Figure 5). Table 2
shows the correspondences between the observed and simulated HM concentrations and
the range of changes in monitoring points. The correlation coefficients between simulated
and measured concentrations are 0.58 for copper, 0.60 for zinc, and 0.80 for manganese.

Additional verification of the model was carried out by comparing the calculated and
actual inflow of pollutants into the NKR. The model allows for calculating the balance of
chemical components entering the river network and estimating the contribution of point
(controlled wastewater discharges) and diffuse sources to river water pollution. As the
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information on point sources, yearly data on metal discharges with wastewater in 12 large
localities were used. The actual inflow of metals from the catchment area to the NKR was
estimated by multiplying the observed annual lateral inflow of water into the reservoir by
the measured average annual concentration of metal at the last hydrochemical monitoring
station on the Belaya River before its confluence with the NKR (Dyurtuli station) (Table 3).

Table 2. Observed and simulated HM concentrations and its ranges of changes in monitoring points (μg·L−1).

HM

Long-Term Mean Annual Concentration
Averaged over Monitoring Points

Range of Changes in Long-Term Annual HM Concentrations at
the Monitoring Points

min max

Observ. Simul. Observ. Simul. Observ. Simul.

Cu 3.94 4.28 2.38 2.59 6.29 7.10
Zn 4.48 4.65 2.36 2.72 9.03 10.24
Mn 84.4 77.1 42.4 42.4 188.0 116.1

Table 3. Simulated components of HM load into the river network from the NKR watershed and the actual and simulated
HM load into the NKR (t·year−1).

HM

HM Load Actual Load
of HM by

Wastewater

HM Setting
onto

Riverbed

Total HM Load into NKR

With Surface
Water Flow

With Subsurface
Water Flow

Simulated Actual

Cu 40.3 174.3 2.3 99 118 119
Zn 35.8 197.5 8.9 144.3 98 114.5
Mn 685 3093 3.2 1134 2651 2651

Figure 4. Observed (green) and simulated (red) Mn concentrations at certain hydrochemical monitor-
ing points over the 2002–2007 period: On the left, the dynamics with daily resolution; on the right,
the mean intra-annual concentrations by quarters.
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Figure 5. Observed (green) and simulated (red) long-term mean annual heavy metal (HM) concen-
trations at the hydrochemical monitoring points located in the order from the upper reaches of the
Belaya River toward its inflow into the NKR: (a) Cu; (b) Zn; (c) Mn. The arrow shows the direction
of river flow.

Model balance calculations show that the total wash-off of metals in the rivers from
the NKR catchment averaged over the period of simulation is formed by approximately
80–85% due to leaching from the soil-ground layer. Surface wash-off of metals into rivers
usually does not exceed 20%. The share of HM entering the river network with wastewater
discharges is small and amounts to ~1% of the total load of copper, ~4% of zinc, and 0.1%
of the total load of manganese. A significant proportion of metals washed out from the
catchment area accumulate with sediments in the river bottom: On average, ~46% copper,
62% zinc, and 30% manganese. These estimates are in good agreement with the results of
HM retention in the Elbe River systems obtained using the METALPOL model [23]: For
copper, on average, 51% with a range of variation from 35 to 60% for different tributaries;
and for zinc, on average, 45% with a range of variation from 30 to 54%.

An example of the inter-annual dynamics of various sources of river water pollution
and a comparison of the actual and simulated Mn load in the NKR is shown in Figure 6.
The differences between the compared annual values can be largely explained by significant
errors in determining the concentration of heavy metals in river water.
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Figure 6. Inter-annual dynamics: (a) Simulated components of Mn load in the river network; (b) The actual and calculated
Mn load in the NKR.

Inter-annual changes in the HM load in the river network and NKR are characterized
by the increase in high-water years (2002, 2007), decrease in medium years (2003, 2005),
and minimum values in low-water years (2004, 2006). Such inter-annual changes in the
HM load occur when HMs enter the river network mainly from diffuse sources from
the catchment area, which are affected by climatic factors. Thus, the results presented
in this section indicate that, on the whole, the model adequately reproduces the main
spatio-temporal patterns of HM runoff formation in the river basin and HM content in the
river network.

3.1.2. Mapping of the Simulated HM Characteristics

Regularities of water quality formation in river basins are associated with the study
of genetic components of river and chemical runoff; therefore, among the mapped char-
acteristics, we will consider the HM concentrations in river waters and the HM wash-off
with various genetic components of river runoff. The algorithm for determining spatial
distributions of components of HM runoff based on the developed model was as follows.
Daily fields of weather characteristics in the catchment area were constructed using data of
meteorological stations, and the ECOMAG-HM model was applied to simulate runoff and
HM removal in the local river network by surface, soil, and ground flow for all elementary
watersheds. By averaging the daily fields over a multi-year period, maps of the mean
annual specific HM load in the river network by various genetic components were obtained
for cooper [32] and zinc [34].

The analysis of these maps demonstrates the spatial differences in the predominance
of various genetic components in the formation of hydrochemical metal runoff in the NKR
basin. Over most of the catchment area, the total HM load into the river network was
formed mainly due to subsurface (soil and ground) runoff. The HM wash-off by surface
water is almost an order of magnitude smaller, except for the western province of the
basin, where the wash-off by surface runoff was comparable or slightly higher than the
HM leaching by subsurface runoff.

The map of the mean annual Cu, Zn, and Mn load in the river network shows
the close correlation with the spatial distribution of the initial HM content in soils
(Figure 7) due to the predominance of HM leaching from the underground zone in the
water quality formation.
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Figure 7. Initial HM contents in the soils, long-term mean annual HM wash-off, and long-term mean
annual HM concentrations in the river network.

In turn, the spatial distribution of HM load affects the distribution of HM concentra-
tions in the river network. A map of the simulated mean annual HM concentrations in
river water was created (Figure 7) to analyze the spatial distribution of HM content in the
NKR drainage basin, including the rivers not covered by hydrochemical observations. This
map was obtained by averaging the simulated daily HM concentrations in the elements of
the modelled river network over the period of simulation. The line thickness indicates the
HM concentration in the river network in accordance with the legend.

As can be seen from Figure 7, small rivers that mainly flow near foci with a high
content of HM in soils have higher levels of HM pollution. These areas with increased
river pollution are delineated with shafts. Figure 7 clearly shows that a narrow area of
increased concentrations of zinc in rivers is formed near the focus of increased zinc content
in the soil in the area of the Ufa River catchment. The area with a high copper content in
the rivers is noticeably larger and mainly covers the north-eastern part of the NKR basin.
The distribution of the increased content of manganese in the soil in the catchment area
is spotty; therefore, foci of increased concentrations of manganese in the river water are
found everywhere, with the exception of the southwestern part of the basin. The maximum
mean annual HM concentrations in these streams exceed the similar average for the other
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part of the NKR basin by 2–6 times and reach 11 μg·L−1 for copper, 29 μg·L−1 for zinc, and
166 μg·L−1 for manganese. When small, polluted tributaries flow into larger rivers, HM
concentrations in river waters decrease as a result of dilution by cleaner water in larger
watercourses. A similar effect was obtained in the results of simulating HM concentrations
in river waters near polluted areas in the Liuyang River basin in China impacted by mining
activities using the SWAT-HM model [31]. As already noted, hydrochemical monitoring
points are usually located on large and medium-sized rivers in the immediate vicinity of
large settlements and industrial enterprises, so the existing monitoring network does not
cover small rivers that are most susceptible to diffuse pollution.

The analysis of simulated results shows that the water quality in the river monitoring
points does not meet the MAC standards for fishing use regarding copper (by 2–7 times)
and manganese (by 4–19 times). The entire range of changes in zinc concentrations is
within the MAC standard. The water quality regarding copper and zinc in all monitoring
points is suitable for drinking use. The content of manganese in river water exceeds the
MAC standards for drinking use only at several points in some seasons of the year.

3.2. Modeling the Impact of Economic Activity on River Water Pollution
3.2.1. Change in the Amount of Metals Discharged in Wastewater

Intra-annual distribution. Figure 8 shows the simulated dynamics of the copper
content in the Belaya River at Ufa city with actual wastewater discharges, as well as with
the 60-times increase in copper content in wastewater. At the current level of the copper
content in wastewater, its maximum concentration in the river water is simulated during
high water periods (snowmelt and rainfall runoff) as a result of the metal load, mainly
from diffuse sources. When the multiplicity of the increase in the content of metals in
wastewater relative to the existing level exceeds a certain critical value, the following
pattern occurs: During periods of high water, the lowest concentrations of metals begin to
be observed in contrast to the original case (Figure 8). This occurs as a result of diluting
highly polluted industrial wastewater in rivers with significantly less polluted snow and
rainwater. Nomograms can be constructed for hydrochemical monitoring stations, showing
the “critical” levels of anthropogenic load (the multiplicity of increase in metals discharged
from wastewater relative to the existing level), at which such changes occur based on the
results of numerical experiments. In particular, in the example shown in Figure 9, the
relationship between the river discharges and maximal concentrations of copper in the
Belaya River at Ufa city is reversed, when the discharge of copper into the river increases
by 20 or more times.

Figure 8. Simulated hydrograph (blue) and dynamics of the copper content in the Belaya River (Ufa city) with the actual
content of copper in wastewater (1) and with an increase in the copper content by 60 times (60) over the 2004–2007 period.
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Figure 9. Relationship between water discharges at the Belaya River (Ufa city) and the concentration of copper in river
water with the actual content of copper in wastewater (1) and under scenarios of its change at 0.1, 10, 20, 40, 60, 80,
100 times.

Numerical experiments have shown (Figure 9) that with an increase in discharge of
the Belaya River near the city of Ufa over 3500 m3·s−1, copper concentrations in river water
asymptotically approach the value of ~6 μg·L−1 under various scenarios of wastewater
loads. In other words, the contribution of point sources of pollution due to dilution is
minimized during periods of high water, and the concentration of metals in river water is
mainly determined by the maximum exchange capacity of the catchment leaching of HM
from the watershed by surface and subsurface flow during intensive snowmelt or rainfall
that forms the maximum runoff. This constant concentration can be named the equilibrium
concentration of diffuse saturation of the river basin for this type of HM.

Mean annual characteristics. With an increase in the HM content in wastewater, the
contribution of point sources to the river’s pollution in the NKR basin increases (Figure 10a).
Thus, with a 20-fold increase in HM content in wastewater, the mean annual contribution
of point sources to river water pollution is ~20% for copper, 44% for zinc, and 2% for
manganese. A 100-fold increase in HM load increases the contribution of point sources to
river pollution to ~53%, 80%, and 8%. An increase in the content of HM in wastewater
also leads to an increase in their inflow by river water to the reservoir (Figure 10b). Thus,
a 100-fold increase in metals causes an increase in the inflow into the NKR of copper by
~2 times, zinc by ~4 times, and manganese by 1.1 times.

3.2.2. Simulation of a Disaster with a Salvo Discharge of Pollutants

Figure 11 shows simulated changes in the maximum concentration of copper along the
length of the river under various scenarios of copper salvo discharge (5000, 4000, 3000, 2000,
1000, 500, and 100 kg·day−1) into the Belaya River near Salavat city. As the contamination
spot is removed from the site of the salvo discharge, the concentration of copper decreases
intensively due to the dilution by the tributaries that flow into the Belaya River, and copper
deposits on the river bottom along with sediments. As early as passing Ufa city (~300 km
from the accident site), the maximum concentrations of copper are reduced by about two
orders of magnitude.
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Figure 10. Simulated anthropogenic impact on the NKR basin with changes in the metal content in the wastewater:
(a) Contribution of point sources to the river water pollution, (b) wash-off of metals to the NKR.

Figure 11. Changes in the maximum concentration of copper at several hydrological stations along the Belaya River under
various scenarios of copper dumping in the Salavat city (5000 kg, . . . , 100 kg).

3.2.3. Simulation of Self-Cleaning of the NKR Watershed under Exclusion of
Anthropogenic Impact on the Catchment

The estimation of time scales of the catchment’s self-purification from HM according
to scenario 3 was carried out by simulating the dynamics of HM reserves with the complete
exclusion of any anthropogenic impact on the basin over a 400-year period. Based on
the maps of metal content in the soil [41], it was determined that in the NKR catchment,
the initial reserves of copper are ~1000, zinc ~550, and manganese ~11,350 thousand
tons (Figure 12a). The annual flow of copper, averaged over a 33-years period, from
the catchment to the river network at the beginning of the calculation period was 147,
zinc ~156, and manganese ~1745 t·year−1 (Figure 12b). After 200 years, calculations
showed a decrease in the removal of copper, zinc, and manganese from the catchment area,
respectively, to 140, 147, and 1700 t·year−1. After 400 years, the average annual removal
of metals from the river network continued to decline, and amounted to 135, 140 t, and
1640 t year−1, respectively. Thus, in the absence of external impacts, the catchment area
was slowly cleared and the content of copper in soils decreased to ~950, zinc to ~500, and
manganese to ~ (Figure 12a) thousand tons. As a result of the reduction of metals reserves
in the catchment area, their content in the river water decreased. Calculations have shown
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that over a 400-year period, due to the self-cleaning of the NKR basin, the average annual
concentrations of copper, zinc, and manganese in river water decreased slightly by 6–8%.

Figure 12. Changes in Mn reserves in soils (a), wash-off intensity, and Mn concentration in river waters (b) over a 400-year
self-purification period.

3.3. Sensitivity of the Water and Chemical Runoff to Climatic Changes

Modeling the water and chemical runoff for the future period, up to 2050, was carried
out using a DC climatic scenario, assuming changes in the climate parameters to be the
same as the previous observation periods (increments of the daily air temperature of 1 ◦C
and daily precipitation of 10%). Table 4 presents the results of numerical experiments for
the simulation of river runoff characteristics under both historical data series and the DC
scenario for the 2002–2007 period.

Table 4. Simulated runoff characteristics under historical data series (Hist.) and DC scenario (DC) for
the 2002–2007 period.

Years

Annual Runoff (km3) Maximal Discharge (m3·s−1)

Hist. DC
Changes

(%)
Hist. DC

Changes
(%)

2002 50.3 54.1 8 5503 4750 −14
2003 38.5 40.1 4 3911 4790 22
2004 35.0 39.1 12 3877 3898 1
2005 43.4 45.6 5 8263 8199 −1
2006 32.4 35.2 9 3038 3382 11
2007 55.2 58.6 6 9900 −5

Mean 42.5 45.4 7 5842 5820 −0.4

The mean annual inflow into the NKR under the DC scenario increased by 7% with a
range from 4 to 12% in different years compared to the runoff simulated under historical
meteorological data. Increments of the maximal discharges of the spring runoff in different
years are multidirectional and vary from −14 to 22%. Both increments of runoff and
changes in maximal discharges are not related to the amount of annual runoff. They are
determined by the conditions of runoff formation during spring in specific years, and in
particular, by the factor of “friendly” spring. Let us analyze this in more detail on the
example of flow hydrographs for 2002–2003 (Figure 13).

The winter and pre-spring period of 2002 was characterized by an unstable tempera-
ture regime with frequent thaws. The increase of 1 ◦C in the DC scenario caused earlier
snowmelt and the formation of a much larger first wave of spring runoff than those simu-
lated from historical meteorological data. The maximum discharge in the second wave of
spring runoff decreased by 14% due to the fact that a significant part of the snow water
equivalent was consumed during the first wave of spring runoff.
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Figure 13. Simulated hydrographs of lateral inflow into the NKR under historical (blue) and DC scenarios (red) over the
2002–2003 period.

The winter and pre-spring season of 2003 was much more severe in terms of tem-
perature conditions than in 2002. Therefore, the increase in temperature by 1 ◦C did not
cause earlier snow melting. The increased maximal snow water equivalent due to both the
addition of precipitation in the winter season and more intense snowmelt in the spring
under the DC scenario caused a 22% increase in maximal discharge of spring runoff, with
the peak 18 days earlier than under the historical scenario.

It is more difficult to generalize the patterns of the influence of climate change on the
characteristics of water quality. On the whole, the mean annual Mn concentrations in the
last downstream hydrochemical station on the Belaya River (Durtuli gauge) averaged over
7 years in the DC scenario increased by 5% compared to those modeled based on historical
meteorological data (Table 5).

Table 5. Simulated water quality characteristics under historical data series and DC scenario for the 2002–2007 period.

Years

Mn Annual Concentrations,
Durtuli Gauge (μg·L−1)

Maximal Concentrations, Durtuli
Gauge (μg·L−1)

Annual Mn Loads into the NKR
(t·year−1)

Hist. DC
Changes

(%)
Hist. DC

Changes
(%)

Hist. DC
Changes

(%)

2002 70.5 72.4 3 88.3 92 4 3257 3553 9
2003 64.5 66.2 3 145 140 −3 2474 2650 7
2004 55.5 59.4 7 96 90 −6 1811 2139 18
2005 61.3 64.8 6 100 92 −8 2845 3032 6
2006 54.8 58.5 7 77 85 −10 1582 1841 16
2007 66.3 71.5 8 116 113 −3 3936 4337 10

Mean 62.2 65.5 5 104 102 −2 2651 2925 10

The changes in annual Mn loads into the NKR in different years are proportional to
increments in the mean annual runoff multiplied by the changes in annual concentrations at
the last monitoring gauge on the Belaya River. The maximum Mn concentrations averaged
over a 7-year period decreased slightly by 2%, and the range of changes in different years
vary from 4 to −10%.

Let us compare these values with assessments of the climate change impact on the
quantity and quality of water in the Elbe River basin performed using the process-oriented
SWIM model [21]. Using climate change scenarios close to the one we employed, river
runoff will increase by an average of 11% by the middle of the century. The predicted
changes in the concentrations of nitrogen and phosphorus nutrients show multidirectional
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changes. Uncertainties and high spatial variability of characteristics within the basin
may be associated with the schematization of the Elbe basin into a number of separate
tributary catchments and with the need to calibrate the model parameters for each of these
sub-catchments. In the ECOMAG-HM model, the whole basin and spatial variability of
characteristics are simulated with a single set of model parameters.

4. Conclusions

The semi-distributed, physically based ECOMAG-HM model developed for modeling
the hydrochemical cycle of heavy metals at the catchment scale was calibrated and verified
for the large watershed of the Nizhnekamskoe reservoir according to hydrometeorological,
hydrochemical, and water management monitoring data. The model was performed by
comparing the observed and simulated river runoff hydrographs and behavior of HM (Cu,
Zn, and Mn) concentrations in monitoring points on rivers of the NKR basin. Comparing
results showed that seasonal changes in the metal content are characterized by increased
concentrations during the high-water period (snowmelt and rainfall runoff). Inter-annual
changes in the observed and simulated HM load into the river network and NKR are
characterized by its increase in high-water years and minimum values in low-water years.
Such seasonal and inter-annual changes in the HM load occur when HMs mainly enter the
river network from diffuse sources of pollution on the catchment area caused by climatic
factors. Model balance calculations have shown that the mean annual wash-off of metals
into the rivers from the NKR catchment is approximately 80–85% attributed to leaching
from the soil-ground layer, and the surface wash-off of metals usually does not exceed 20%.
The contribution of HMs entering the river network with wastewater discharges is small
and does not exceed 4%. A significant part (from 30 to 62%) of metals washed into rivers
accumulate with sediments at the river bottom.

The simulated map of the total HM wash-off into the river network closely correlates
with the spatial distribution of the initial content of HM in soils due to the predominance of
HM leaching from the soil-ground zone in the diffuse sources of river pollution. The initial
HM content in soils affects the distribution of HM concentrations in the river network to a
large degree. As a result, the most polluted small rivers flow near areas with a high content
of HM in the soils. This leads to the important consequences: Without maps of the initial
content of heavy metals in soils, it is impossible to simulate spatial differences in water
pollution in the river network.

Numerical experiments have shown that with an increase in discharge of the Belaya
River more than a certain critical value, the contribution of point sources of pollution is
minimized, and the concentration of metals in river water is mainly determined by the
maximum exchange capacity of the catchment leaching HM from the watershed by surface
and subsurface flows during intensive snowmelt or rainfall that forms the maximum flow;
for the city of Ufa, the critical discharge is about 3500 m3·s−1, above which the copper
concentrations in river water asymptotically approach the value of ~6 μg·L−1 under various
scenarios of wastewater loads. This constant concentration can be called the equilibrium
concentration of diffuse saturation of the river basin for this type of HM.

The simulation of time scales of the catchment’s self-purification from HMs under the
scenario with complete exclusion of anthropogenic impacts on the basin has shown that
over a 400-year period, the mean annual HM concentrations in the river water decreased
by 6–8%. The low rate of reduction of heavy metal concentrations allows us to recommend
their current annual values as background values in the NKR basin.

Modeling the river runoff for the future period up to 2050 under a DC climatic scenario
showed that the mean annual inflow into the NKR increases by 7% with a range from
4 to 12% in different years. No significant changes in the characteristics of water qual-
ity for heavy metals should be expected in the near future. For example, averaged over
7 years, the mean annual Mn concentration increased by 5%, the maximum Mn concentra-
tion decreased slightly by 2%, and the annual Mn load into the NKR increased by about
10% compared to those modeled based on historical meteorological data.
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The presented results show that the ECOMAG-HM model can be used as an informa-
tion support tool for assessing water quality characteristics under possible climatic and
anthropogenic changes in scientific and applied projects.
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Abstract: Poor groundwater quality in household wells is hypothesized as being a potential contrib-
utor to chronic kidney disease of unknown etiology (CKDu) in Sri Lanka. However, the influencing
factors of groundwater quality in Sri Lanka are rarely investigated at a national scale. Here, the
spatial characteristics of groundwater geochemistry in Sri Lanka were described. The relationships
of groundwater quality parameters with environmental factors, including lithology, land use, and
climatic conditions, were further examined to identify the natural and anthropogenic controlling
factors of groundwater quality in Sri Lanka. The results showed that groundwater geochemistry in
Sri Lanka exhibited significant spatial heterogeneity. The high concentrations of NO3

− were found
in the districts that have a higher percentage of agricultural lands, especially in the regions in the
coastal zone. Higher hardness and fluoride in groundwater were mainly observed in the dry zone.
The concentrations of trace elements such as Cd, Pb, Cu, and Cr of all the samples were lower than
the World Health Organization guideline values, while some the samples had higher As and Al
concentrations above the guideline values. Principal component analysis identified four components
that explained 73.2% of the total data variance, and the first component with high loadings of NO3

−,
hardness, As, and Cr suggested the effects of agricultural activities, while other components were
primarily attributed to natural sources and processes. Further analyses found that water hardness,
fluoride and As concentration had positive correlations with precipitation and negative correlations
with air temperature. The concentration of NO3

− and water hardness were positively correlated with
agricultural lands, while As concentration was positively correlated with unconsolidated sediments.
The environmental factors can account for 58% of the spatial variation in the overall groundwater
geochemistry indicated by the results of redundancy analysis. The groundwater quality data in this
study cannot identify whether groundwater quality is related to the occurrence of CKDu. However,
these findings identify the coupled controls of lithology, land use, and climate on groundwater
quality in Sri Lanka. Future research should be effectively designed to clarify the synergistic effect of
different chemical constituents on CKDu.

Keywords: groundwater; water quality; heavy metals; CKDu; dry zone; fluorosis; arsenic

1. Introduction

Chronic kidney disease (CKD) is a very common public health problem that can be ob-
served in many parts of the world and a higher prevalence is reported from many countries
including the USA, Australia, and Japan [1,2]. A CKD of unknown etiology (CKDu) has
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been reported in some countries in recent years in which the etiology is not recognizable [3].
Such a disease with unknown etiology has been reported in certain parts of the world, espe-
cially in Africa, Central America, and Asia [4,5]. CKDu is also found in the rural dry zone
regions of Sri Lanka, particularly in the North Central Province adjacent regions for more
than two decades [6,7]. Due to its remarkable geographical distribution in some specific
regions where groundwater is the main drinking water source, it is generally suspected
that long-term exposure to various nephrotoxic elements through drinking groundwater is
an important risk factor [7–9]. In the rural dry zone regions of Sri Lanka, groundwater is
the primary source of water for both drinking and cooking, and CKDu is considered to be
related to poor groundwater quality [10–12].

Groundwater is an indispensable limited resource, playing an important role in the
social and economic development throughout the world. High temperature and limited
precipitation in the rural dry zone regions of Sri Lanka pose challenges in the supply of
adequate water to meet daily needs [10]. Groundwater provides domestic water and also
contributes irrigation water supply for rural communities in Sri Lanka, since no or less
treatment is often required [10,13]. However, the deterioration of groundwater quality and
the depletion of water resources due to population growth and excessive use of pesticides
and agrochemicals, pose threats to public health [13]. Previous studies found that the
prevalence of CKDu is related to the recharge sources of groundwater, and is significantly
higher with the groundwater stagnated as well as groundwater recharged from regional
flow paths [8,14]. Therefore, it is suggested that the source, recharge mechanism, and
flow pattern of groundwater, as well as geological conditions that would cause natural
contamination of groundwater, may be the main causative factors for CKDu [14,15].

Anthropogenic activities such as agricultural and sanitation practices, and environ-
mental factors such as lithology, land use, and climatic conditions impact on the groundwa-
ter quality in Sri Lanka [16–18]. Proposed factors related to etiology of CKDu in groundwa-
ter include but not be limited to fluoride [8,19–24], hardness [8,15,22], major ions [12,20],
heavy metals and metalloids [18,25,26], and agrochemical residues [18,27]. Despite ground-
water quality related to the occurrence of CKDu in Sri Lanka has been studied extensively,
few studies have been carried out to analyze the natural and anthropogenic factors that
control the groundwater geochemistry in Sri Lanka. Therefore, the objective of this paper is
to investigate the spatial characteristics of groundwater geochemistry, and its relationships
with environmental factors, and also to provide a comprehensive review regarding the
relationships between groundwater quality and the occurrence of CKDu in the dry zone of
Sri Lanka.

2. Materials and Methods

2.1. Study Area

Sri Lanka (6–10◦ N, 79–82◦ E) is an island located in the Indian Ocean, just 800 km
north of the equator, close to southeastern coast of the Indian subcontinent, and includes
25 administrative districts with a total area of 65,610 km2. The length of the island is 440 km
from north to south with a maximum width of 226 km. Although the area of the island is
relatively small, it has a widely changing topography, geology, and climate within a short
distance imparting some unique environmental features (Figure 1) [28]. The topographical
configuration of the island is a highland region located in the center, surrounded by a vast
lowland plain. Over 90% of the island is underlain by Precambrian rocks. According to a
global lithological map [29], metamorphic rocks cover about 68.2% of the island, followed
by acid plutonic rocks (14.4%) and unconsolidated sediments (12%). As per the year 2017,
the percentages of forest, cropland, and impervious surface of the island were 60.4%, 30.9%,
and 0.6%, respectively. The island is situated in the tropical, Indian ocean monsoonal
climate region that contains three climate zones based on the amount of precipitation,
named as the wet, dry and intermediate zones [13,16]. The western slopes of the central
highlands have the highest intensity of precipitation that exceeds 4000 mm per annum
according to the records of the average for years 1970–2000 [30]. The lowest precipitation
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is recorded in the Mannar Island with values about 900 mm per annum. CKDu is found
particularly in the dry zone, metamorphic terrain that occupies two-thirds of the country
with the annual rainfall of about 1250 mm, while air temperature varies from 28 to 30 ◦C,
with humidity of around 70% [16].

Figure 1. Maps showing (a) land use, (b) lithology, (c) elevation, (d) annual precipitation, (e) annual
mean temperature, and (f) CKD prevalence rates across the most affected districts in Sri Lanka [10].

2.2. Data Source

Groundwater quality data including the concentrations of NO3
−, hardness, fluoride,

heavy metals and metalloids (As, Cd, Fe, Mn, Cu, Cr, Pb, and Al) of groundwater samples
collected from the wells in Sri Lanka were obtained from Groundwater Quality Atlas of Sri
Lanka [31]. A total of 1304 samples were collected and analyzed from 2010 to 2014 for their
study. The maximum and average concentrations of the water quality parameters of all
the samples in each district were reported by Kawakami et al. (2014) [31], and used and
reanalyzed in this study (Table S1).

Lithology, land use, and climatic conditions were quantitatively described for each
district to examine the effects of environmental factors on groundwater quality (Table S2).
The elevation data was obtained from EarthEnv-DEM90, that is a digital elevation model
derived from CGIAR-CSI SRTM v4.1 and ASTER GDEM v2 data products [32]. To quan-
tify the lithological distribution, a global lithological map was used and analyzed for Sri
Lanka [29]. Land use dataset with a 10 m resolution was also used to obtain information
for this study [33]. Land use types include cropland, forest, grassland, shrubland, wetland,
water body, impervious surface, and bare land, among which cropland and impervious sur-
face were mainly focused. Meteorological data including air temperature and precipitation
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data used in this study were obtained from WorldClim version 2.1 at a spatial resolution of
30 arc-seconds and are the averages for years 1970–2000 [30].

2.3. Statistical Methods

Correlation Analysis (CA) and Principal Component Analysis (PCA) were used to
examine the relationships between the groundwater quality parameters for exploring their
possible sources. The suitability of data for PCA was checked by Kaiser–Meyer–Olkin
(KMO) and Bartlett’s sphericity tests. The average concentrations of groundwater quality
parameters were used in the CA and PCA. Redundancy analysis (RDA) was selected to
assess the explanation of variations of groundwater quality parameters by environmental
factors. In the ordination diagram resulted from RDA, the arrows pointing in the same
direction represent positive correlations, or vice versa. The data shown in Figure 2 were
used in the RDA. The CA and PCA were performed through the statistical software package
SPSS 22.0, and the RDA was carried out using CANOCO 5.0 software (Microcomputer
Power Company, Ithaca, NY, USA).

Figure 2. Maps showing the spatial patterns of average concentrations of groundwater quality
parameters in each district (maximum concentration (max) was showed for fluoride, As, and Cd).
The ranges of data values were categorized into five classes based on the natural break method.

3. Results and Discussion

3.1. Spatial Characteristics of Groundwater Geochemistry
3.1.1. Nitrate, Hardness, and Fluoride

Groundwater quality parameters varied considerably in different regions (Figure 2).
The average concentration of NO3

− in the district ranged from 1 mg/L to 42 mg/L. The
highest concentration (366 mg/L) and highest average concentration (42 ± 90 mg/L) of
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NO3
− were observed in the Puttalam district, where 49.7% of the land area is used for

agriculture. The World Health Organization (WHO) guideline for NO3
− in drinking water

is 50 mg/L [34]. The maximum NO3
− concentration in 13 out of 25 districts exceeded

50 mg/L limit. Higher concentrations of NO3
− were also found in other districts where a

high percentage of land is used for agricultural purposes, for instance, the Jaffna (62.9%),
Mannar (35.3%), and Vavuniya (28%) districts. Agricultural regions in the coastal zone are
mainly underlain by recent unconsolidated sediments in which farmers excessively use
a large amount of nitrate fertilizers for their cultivations, leading to nitrate pollution of
groundwater [35]. Manure may be a cause for the high NO3

− concentration found in the
Vavuniya district [36].

The average hardness ranged from 20 to 354 mg/L. The highest hardness (1734 mg/L)
was found in the Hambantota district, while the highest average hardness (354 ± 190 mg/L)
was noted in the Jaffna district, where the percentage of carbonate sedimentary rocks
(37.1%) is the highest. The Puttalam and Vavuniya districts also showed a higher hardness.
Since water hardness poses no apparent health concerns, there are no guidelines or regula-
tions for optimum hardness in drinking water [34]. Considering the impact of hardness
on water palatability, a non-health-based standard of 250 mg/L (as CaCO3) was defined
by the Sri Lankan Standard for drinking water [37]. The geographic distribution of CKDu
cases in the endemic region showed a strong association with the consumption of hard
water [27].

The average concentration of fluoride ranged from <0.02 mg/L to 1.4 mg/L in Sri
Lanka. The highest average concentration of fluoride (1.4 ± 1.3 mg/L) was recorded in the
Moneragala district. High concentrations of fluoride (max: 7 mg/L; ave: 1.1 ± 0.9 mg/L)
were also found in the Anuradhapura district. Spatially, fluoride showed a high concen-
tration in the dry zone and a low concentration in the wet zone and also in the northern
coastal zone. The spatial distribution of fluoride is closely resembled with that of the
hardness. Although the maximum guideline value for fluoride in drinking groundwater
as suggested by the WHO is 1.5 mg/L [34], and the limit suggested by the Sri Lankan
Standard is 1.0 mg/L [37], both values cannot be applicable to the dry zone regions of
Sri Lanka due to a higher water consumption for drinking under prevailing hot and dry
ambient conditions [19]. The average concentrations of fluoride recorded in all the districts
were lower than 1.5 mg/L, and only 9.9% of the samples had a concentration higher than
1.5 mg/L [36]. The fluoride concentration in Sri Lanka is much lower than that in many
other regions in the world, however dental and skeletal fluorosis cases are common in
these areas [10,16,19].

3.1.2. Heavy Metals and Metalloids

In some studies of potential nephrotoxic effects of environmental exposure to heavy
metals and metalloids, mainly As, Cd, and Pb have been identified as causative factors for
CKDu [18,25,27,38,39], although some studies reject this hypothesis [7,8,15,20,40]. These
metals in groundwater may be derived from rock weathering or by human activities, such
as the use of agricultural chemicals [18]. Arsenic in groundwater has been proposed as
a causal factor for CKDu in Sri Lanka [18,27]. The WHO guideline value and Sri Lankan
standard limit for As are 10 μg/L [34,37]. The highest concentration (66 μg/L) and highest
average concentration (7 ± 11.7 μg/L) of As were recorded in the Mannar district. High
As concentrations were also found in the Batticaloa, Mullaitivu, and Puttalam districts that
had the maximum As concentration higher than 10 μg/L. Some recent detail studies also
noted higher As concentrations in groundwater, particularly in groundwater extracted
from sedimentary aquifer systems [35,41].

Cd is known to be a toxic metal and has been listed as one of the causes of CKDu due
to the well-known nephrotoxicity [12,25]. The highest Cd concentration in this study was
0.5 μg/L and recorded in the Moneragala district. All of the well water samples had a Cd
concentration much lower than the WHO guideline value of 3 μg/L [34]. The highest Pb
concentration (288 μg/L) was noted in the southern district of Galle, however, it may be an
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outlier. If this data was eliminated, the highest Pb concentration of 4.6 μg/L was recorded
in the Anuradhapura district, but it is lower than the WHO guideline value of 10 μg/L [34].

Fe is one of the most abundant metals in the Earth’s crust and is an essential human
micronutrient [34]. Mn usually coexists with Fe and is also one of the most abundant metals
in the Earth’s crust. Cu is an essential nutrient and also a contaminant of drinking water.
The highest concentrations and highest average concentrations of Fe (max: 828 μg/L; ave:
283 μg/L), Mn (max: 9772 μg/L; ave: 440 μg/L), and Cu (max: 443 μg/L; ave: 21 μg/L)
were recorded in the Nuwara Eliya, Polonnaruwa, and Mullaitivu districts, respectively.
The WHO guideline value for Cu in drinking water is 2 mg/L, but no WHO guideline
values for Fe and Mn in drinking water are proposed [34]. The highest Cr concentration
(14 μg/L) was found in the Ampara district, yet the level is lower than the WHO guideline
value for Cr in drinking water of 50 μg/L [34]. The highest concentration (1457 μg/L)
and highest average concentration (58 μg/L) of Al were found in the Moneragala and
Nuwara Eliya districts, respectively. The maximum guideline value for Al in drinking
water suggested by the WHO is 200 μg/L [34], and 2.3% of the samples exceeded the
guideline value [36].

3.2. Natural and Anthropogenic Controls on Groundwater Geochemistry

The correlation matrix demonstrated that there were significant positive correlations
among NO3

−, As, and Cr (p < 0.05) (Figure 3), indicating the higher contamination of As
and Cr of groundwater in agricultural areas. Water hardness was positively correlated with
fluoride (R = 0.57, p < 0.01), which suggests that they may be affected by similar geogenic
factors and processes, such as the weathering of fluoride-bearing minerals under the hot
climatic condition and excessive evaporation in the dry zone [19,42]. Cd and Cu showed a
significant positive correlation (R = 0.54, p < 0.01), implying that they may be derived from
the same source.

Figure 3. Correlation coefficients for Pearson correlation analysis among groundwater quality
parameters. * Correlation is significant at p < 0.05; ** Correlation is significant at p < 0.01.
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PCA was employed to identify the associations between groundwater quality parame-
ters and their potential sources [43]. Four principal components (PCs) with eigenvalues
exceeding 1 were identified, and the PCA results are shown in Table 1. The first PC was
dominated by NO3

−, water hardness, As, and Cr, with high loadings of 0.86, 0.67, 0.7, and
0.71, respectively, explaining 26.5% of the total data variance. The second PC explained
24.6% of the total data variance and was mainly contributed by Fe, Pb, and Al, with higher
loadings of 0.81, 0.77 and 0.78, respectively. The third PC was mainly contributed by Cd
and Cu, with high loadings of 0.88 and 0.76, respectively, explaining 12.6% of the total data
variance. The fourth PC was mainly contributed by fluoride and Mn, with high loadings
of 0.75 and 0.72, respectively, and explained 9.5% of the total data variance. The four PCs
totally accounted for 73.2% of the total data variance. Agrochemicals especially phosphate
fertilizer used in agriculture have been identified as the main source of As in areas af-
fected with CKDu in Sri Lanka [18]. The groundwater in the dry zone has high fluoride
concentrations due to the water–rock interaction with the aquifer [15,19]. In addition, the
occurrence of CKDu is strongly associated with the consumption of hard water in the rural
dry zone [22,27]. Therefore, the first PC may be related to the agricultural activities in the
rural dry zone, suggesting the contributions of anthropogenic sources to NO3

−, As, and
Cr. In contrast, other PCs may be dominated by natural geogenic sources and processes,
especially bedrock weathering.

Table 1. Component matrix and explained variance (principal component analysis (PCA)) for
groundwater quality parameters.

Variable PC1 PC2 PC3 PC4

NO3
− 0.86 0.03 −0.12 −0.36

Hardness 0.67 −0.47 0.16 0.46
Fluoride 0.08 −0.37 0.04 0.75

As 0.70 −0.01 0.42 −0.05
Cd 0.17 −0.16 0.88 0.05
Fe 0.07 0.81 −0.15 0.24
Mn −0.34 0.05 −0.01 0.71
Cu 0.20 0.12 0.76 0.01
Cr 0.71 0.24 0.28 0.02
Pb 0.17 0.77 −0.06 −0.27
Al −0.12 0.78 0.25 −0.22

Eigenvalue 2.92 2.70 1.39 1.05
Variance (%) 26.5 24.6 12.6 9.5

Cumulative (%) 26.5 51.1 63.7 73.2

The groundwater quality in Sri Lanka is mainly influenced by environmental factors
such as lithology, land use, and climatic condition, and anthropogenic activities including
agricultural practices, disposal of domestic sewage, and industrial effluents [16–18]. To
explore the potential influencing factors of groundwater quality in Sri Lanka, the relation-
ships between the environmental factors and the groundwater quality parameters were
examined. As shown in Figure 4, water hardness showed a negative correlation with the
precipitation (for average hardness: R2 = 0.78, p < 0.01; for maximum hardness: R2 = 0.53,
p < 0.01), following a power law relationship. Similar relationships were also found be-
tween fluoride and precipitation, and between As and precipitation. This suggests that in
the dry zone with low precipitation, the concentrations of fluoride and As in groundwater
were higher than those in the wet zone where excessive precipitation is characterized. Since
lower precipitation is generally accompanied by high ambient temperature in Sri Lanka,
the higher concentrations of hardness, fluoride, and As were also found in areas with high
air temperature.
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Figure 4. The relationships between hardness, fluoride, and As concentrations, and precipitation (a–c)
and air temperature (d–f).

The positive correlations between NO3
− and hardness and cropland suggest the

effects of agricultural activities on groundwater quality and that most high nitrate regions
are underlain by sedimentary limestone sequences (Figure 5). In Sri Lanka, all wells
with a high As concentration were located on a specific soil type of “sandy regosols on
recent beach and dune sands” [36]. The positive correlation between As concentration and
unconsolidated sediments and the spatial characteristics of As concentration indicate that
As had a geological source. Amarathunga, et al. (2019) [44] noted that As is released from
coatings of sand grains due to reductive dissolution under near natural pH condition in the
Mannar region where a majority of wells exceeded the WHO recommended level of As.

Figure 5. The relationships between NO3
− concentration (a) and hardness (b) and cropland, and between As concentration

and unconsolidated sediments (c).

RDA was used to assess the explanation of variations of the groundwater quality
parameters by the environmental factors. The RDA results provided overall descriptions
of the influences of environmental factors on groundwater geochemistry [45]. The results
showed that the environmental factors can account for 58% of the spatial variation in the
overall groundwater geochemistry (pseudo-F = 2.5; p = 0.002). The first two axes explained
most of the spatial variation of groundwater geochemistry, with the first axis explaining
26% of the variation and the second axis explaining 16% of the variation. Ordination
diagrams resulted from RDA showed the relationships between the groundwater quality
parameters and the potential influencing factors (Figure 6). The results indicated that
hardness was positively correlated with agricultural lands while fluoride concentration
was positively correlated with ambient temperature. By contrast, precipitation and forest
were negatively correlated with most of the groundwater quality parameters. These results
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indicate the synergetic controls of lithology, land use, and climate on the groundwater
quality in Sri Lanka.

Figure 6. Ordination diagrams showing the relationships between the groundwater quality pa-
rameters (represented by blue lines) and the potential influencing factors (represented by red lines)
according to the redundancy analysis (RDA). The analyzed potential influencing factors include eleva-
tion (Ele), cropland (Cro), forest (For), impervious surface (IS), metamorphic rocks (MR), acid plutonic
rocks (APR), unconsolidated sediments (US), carbonate sedimentary rocks (CSR), precipitation (Pre),
and air temperature (AT).

3.3. Relationships between Groundwater Quality and Occurrence of CKDu

In the past three decades, possible etiology of CKDu has been extensively explored
through multi-disciplinary studies. The CKDu distribution related to geography and
socio-economy showed that the possible etiology is related to geogenic environment and
occupational factors [6,9,39,46,47]. The long-term exposure to various nephrotoxic elements
through drinking groundwater is widely suspected due to the geographical distribution of
CKDu [7,8,15,16,20,21,28,40]. CKDu in Sri Lanka was first reported from the north central
province of the rural dry zone, and the main victims of CKDu are young male farmers
with substandard socio-economic background [6,10,39]. In the worst affected areas of
CKDu, more than 98% of the population had completely relied on groundwater as their
primary source for drinking or cooking at least five consecutive years between 1999 and
2018 [10]. This indicates that groundwater quality may interfere with human health in
CKDu endemic region.

3.3.1. Relationship between Fluoride and CKDu

Fluoride has been proposed as a causal factor for CKDu through drinking water. It is
suggested that the source of F is bedrock weathering [19,21,22]. Climatic and hydrological
conditions were found to be related to the anomalous concentrations of fluoride in the
groundwater in Sri Lanka [19]. Fluoride may be an essential element for humans, for
instance, fluoride is a beneficial element in the prevention of dental caries [34]. However,
elevated fluoride intakes can have more detrimental effects such as dental and skeletal
tissues [34]. Previous studies have revealed the dose–effect relationships between drinking
water fluoride levels and damage to kidney functions [11,24]. High fluoride concentrations
in drinking water elevated the levels of renal and liver function enzymes in serum and
caused severe histological changes of the liver and kidneys [48]. Due to its high rank
in the Hofmeister Series for denaturing proteins of the kidney membrane, fluoride may
contribute to CKDu [20]. In this study, high fluoride concentrations were found in the
dry zone where CKDu has its higher prevalence (Figure 1). Interestingly, no CKDu was
observed in the areas in the southeast where the fluoride concentration in groundwater
was greater than 1.0 mg/L [31]. This suggests that the high concentration of fluoride in
groundwater is not only the factor affecting the occurrence of CKDu. The interaction
of fluoride with aluminum to form nephrotoxic aluminum fluoride complexes has been
proposed as a cause of CKDu [26]. In addition, when fluoride interacts with major cations
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(Ca2+, Mg2+, and Na+) and metals such as cadmium, it is suspected that it will aggravate
kidney failure [12,21,22,28,49]. Therefore, the synergistic effect between fluoride and major
ions, and metals on kidney functions should be paid more attention.

3.3.2. Water Hardness and Major Ions

Hardness in water is caused by a variety of dissolved polyvalent metallic ions, predom-
inantly the cations of Ca and Mg. As classification of hardness, the ranges of 0–60 mg/L,
61–120 mg/L, 121–180 mg/L, and >181 mg/L are classified as soft, moderately hard, hard,
and very hard, respectively [34]. Previous studies revealed the highly statistically positive
correlation between the occurrence of CKDu and the hard water consumption in Sri Lanka,
and found that 96% of CKDu patients consumed hard or very hard water from wells in
shallow regolith aquifers for at least 5 years [12,27]. However, many studies found that
hard to very hard groundwater is not exclusive to all CKDu endemic areas [14,16]. For
instance, only 14% of the samples from Mahiyanganaya, a high CKDu endemic dry zone
area of Sri Lanka, had hard to very hard groundwater [16]. Moreover, the groundwaters
from some areas of Sri Lanka that are not seriously affected by CKDu had very hard
waters, such as the districts of Puttalam (329 ± 174 mg/L) and Jaffna (354 ± 190 mg/L).
Nevertheless, hardness might interfere with other chemical constituents in water to form
various complexes harmful to human health [8,15].

3.3.3. Nephrotoxic Heavy Metals and Metalloids

Heavy metals and metalloids such as As and Cd have been considered as important
risk factors for CKDu [18,25,38]. The application of pesticides and fertilizers in rice paddy
cultivation in Sri Lanka is a possible source of high Cd [25]. In this study, the Cd concen-
trations of all the well water samples were significantly below the WHO guideline value.
Similar results were also reported by many other studies [16,40,46]. Moreover, previous
studies noted that the levels of Cd and As of drinking water and rice samples collected from
the affected areas of CKDu were within the levels recommended by WHO and Sri Lankan
standard and did not indicate contamination in any form [40]. A number of studies also
found that in the CKDu endemic areas of Sri Lanka, the As concentration in groundwater is
significantly low [8,15,16,46]. Therefore, it is suggested that As and Cd in groundwater are
unlikely to be risk factors for CKDu in Sri Lanka. In addition, Jayasumana et al. (2014) [27]
have demonstrated the link between hardness and As. They proposed that As mainly
derived from chemical fertilizers and pesticides can eventually damage kidney tissue when
combined with Ca and/or Mg in groundwater. In addition, there is considerable evidence
that agricultural workers in the CKDu endemic areas are exposed to As, but the exact
source and entry mode of As are still controversial [27].

4. Conclusions

This study investigated the spatial characteristics of groundwater geochemistry in
Sri Lanka. Groundwater quality data of 1304 water samples collected from 2010 to 2014
were statistically analyzed. Land use and lithology were quantitatively described to
examine their relationships with the groundwater quality parameters. The data of ambient
temperature and precipitation were used to explore the effects of climatic conditions on
groundwater quality. The results showed that the high concentrations of NO3

− were
found in the districts with a high percentage of cropland, especially in the districts in the
coastal zone. The Puttalam district had the highest concentration and highest average
concentration of NO3

−. The samples from the dry zone had a higher hardness, and in the
Jaffna district, where the percentage (37.1%) of carbonate sedimentary rocks is the highest,
the average hardness (354 ± 190 mg/L) of samples was the highest. Similar to the spatial
distribution of hardness, fluoride also showed a high concentration in the dry zone, and
9.9% of the samples had a concentration higher than the WHO guideline value of 1.5 mg/L.
Heavy metals and metalloids such as As, Cd and Pb have been suggested as causal factors
for CKDu in Sri Lanka. The maximum As concentrations of the samples in the Mannar,
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Batticaloa, Mullaitivu, and Puttalam districts were higher than the WHO guideline and Sri
Lankan standard value (10 μg/L). The Cd and Pb concentrations of all the samples were
lower than the WHO guideline values of 3 μg/L and 10 μg/L, respectively. In addition, all
of the samples had Cu and Cr concentrations below the WHO guideline values, and 2.3%
of the samples had a concentration of Al above the WHO guideline value (200 μg/L).

Significant positive correlations (p < 0.05) among NO3
−, As, and Cr were observed,

suggesting the effects of agricultural activities on As and Cr concentrations. The significant
positive correlation between water hardness and fluoride indicated that they might be
affected by rock weathering in the dry zone. According to the results of PCA, four PCs were
identified and explained 73.2% of the total data variance. Considering the concentrations
and spatial characteristics of groundwater quality parameters, PC1 with high loadings
of NO3

−, hardness, As, and Cr was considered to be affected by agricultural activities,
and other PCs was primarily attributed to natural sources and processes. Hardness,
fluoride, and As concentration were positively correlated with precipitation and negatively
correlated with air temperature, showing a clear difference in groundwater quality between
different climatic regions, and suggesting that groundwater geochemistry in Sri Lanka
is closely related to climatic conditions. In addition, NO3

− concentration and water
hardness had positive correlations with cropland, and As concentration had a positive
correlation with unconsolidated sediments, implying the effects of land use and lithology
on groundwater geochemistry. The RDA results showed that 58% of the spatial variation
in the overall groundwater geochemistry can be accounted by the environmental factors.

To our knowledge, there are few previous studies that quantitatively describe land
use and lithology, and identify the natural and anthropogenic controlling factors of ground-
water quality in Sri Lanka, especially at a national scale. This study provided key insights
of the effects of environmental factors on groundwater quality in Sri Lanka, which con-
siderably helps to investigating the relationships between groundwater quality and the
occurrence of CKDu. In the future, high spatial-temporal resolution sampling is needed
to unravel controlling factors of groundwater quality, and multidisciplinary studies are
required to identify risk factors of CKDu in Sri Lanka.
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Abstract: Watershed-scale nitrogen pollution in aquatic systems has become a worldwide concern
due to its continuous impact on water quality deterioration, while the knowledge of key influencing
factors dominating nitrogen transportation and transformation at the sediment-water interface (SWI)
remains limited, especially in impounded rivers with an artificial reservoir. Hence, for a better
understanding of the effects of thermal stratification on nitrogen transformation, we investigated
the nitrogen species and isotopes in the sediment of a deep reservoir in Southwest China. Our
results confirmed a significant difference in nitrogen species and isotopic composition in sediment
between those in the thermal stratification period and non-thermal stratification period and indicated
that the sediment biogeochemical process and transportation were clearly linked to the variations
in water temperature and dissolved oxygen dominated by the process of thermal stratification.
Significant seasonal differences in NH4

+-N and NO3
−-N in pore water of the upper layer (0–19 cm)

revealed that nitrification exhausted NH4
+ in the non-stratified period (NSP), and a potential low

mineralization rate appeared when compared with those in the stratified period (SP). Seasonal
differences in nitrogen species and isotope fractionation of δ15N-PON (about 2.3‰ in SP) in the
upper layer sediment indicated a higher anaerobic mineralization rate of organic matter in SP than
that in NSP. The diffusion fluxes of NH4

+-N at SWI were 9.48 and 15.66 mg·m−2·d−1 in NSP and
SP, respectively, and annual NH4

+-N diffusion accounted for 21.8% of total storage in the reservoir.
This study demonstrated that the nitrogen cycling processes, especially nitrification, denitrification,
and mineralization, have been largely altered along with the changes in dissolved oxygen and that
the diffusion of nitrogen species varied with the presence of the oxygen. The results contribute
to the future study of watershed nitrogen budget evaluation and suggest that the endogenous
nitrogen released from the sediment-water interface should be emphasized when aiming to fulfil
water management policies in deep reservoirs.

Keywords: thermal stratification; nitrogen transformation; sediment-water interface; reservoir;
NH4

+ diffusion

1. Introduction

Excessive nitrogen loading at watershed-scale in aquatic systems, with the constant
input of anthropogenically sourced active nitrogen, has posed serious environmental
problems, such as eutrophication, greenhouse gas emission, and water quality deterio-
ration [1,2]. Watershed-scale nitrogen pollution persistently attracts worldwide concern
attributed to the enormous challenge of nitrogen assessment and management in global
ecosystems. By intercepting runoff and sediment, massive dams and reservoirs worldwide
would deposit the dissolved and adsorbed nutrients with the sediment and conserved
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within the reservoir, which tends to reduce levels of nutrient transportation to downstream
rivers and instead accumulate the nutrients in the reservoir [3,4]. Moreover, recent stud-
ies have emphasized that the accumulation of nitrogen in aquatic systems was affected
by external nitrogen input as well as internal nitrogen release, which is dominated by
nitrogen biogeochemical processes [5,6]. Evaluating the transformation and transportation
of nitrogen species among the sediment-water interface (SWI) is essential if we aim to
reduce nitrogen pollution in a reservoir and help to establish relevant policies for reservoir
water quality protection. However, few studies have assessed the contribution of nitrogen
releasing from the SWI in the reservoir. Currently, an increasing number of studies have
raised the controversies surrounding the role of sediment in nitrogen transportation and
transformation at the SWI, as well as its influence on the fate and distribution of nitrogen
afterwards, which has become a hot topic in academic community [7,8].

Nitrogen experiences complex biogeochemical processes under different environmen-
tal conditions, e.g., DO has been recognized as the crucial factor that dominates nitrification
and denitrification, and dissimilatory nitrate reduction to anammox (DNRA) generally
occurs in sediment with a high C/N ratio and C loading [9]. Generally, ammonification,
denitrification, and DNRA were regarded as being the dominant processes in a hypoxic
environment in the stratified period (SP), while ammonification and nitrification could be
favored by oxygenated conditions in the non-stratified period (NSP). In recent decades,
intensive demands for hydropower resources led to the emergence of special landscape
features caused by the cascading development in most rivers [10,11], which significantly
posed a challenge for the synchronously high-efficiency management of water resources
and the water environment. Over the past 60 years, approximately 58,000 large reservoirs
have been built worldwide [12], which altered the original ecosystem conditions and
attracted widespread concern [13].

It was well known that there was seasonal thermal stratification in deep canyon
reservoirs, and water temperatures in the hypolimnion of deep lakes/reservoirs were
generally low (4–6 ◦C) and remained nearly constant [13,14]. However, temperature-
driven hypoxia in the stratified period (SP) and oxygenated hypolimnion in the non-
stratified period (NSP) may dominate the nitrogen exchange between sediment and water.
Muller et al. [15] indicated that, in a lake, anaerobic environmental conditions were more
conducive to internal nitrogen release than those in aerobic conditions. In addition, some
studies reported that T and DO were the key factors controlling endogenous nitrogen
diffusion of sediment in a shallow lake and that the diffusion fluxes of NH4

+ were positively
correlated with T, while there was a negative correlation with DO [16]. Cai et al. [17]
investigated the relationship between nitrogen species and biological activities in shadow
lake sediment, and reported that T and DO significantly alter the abundance of bacterial
genes and community structures, subsequently affecting the transformation processes of
sediment nitrogen. Hence, in this study, we hypothesized that the seasonal variation in DO
and T would dominate the nitrogen transformation at SWI in a deep reservoir. However,
as noted above, most current studies focused on nitrogen diffusion and influencing factors
in thermal stratified lakes, while few studies have conducted targeted research in deep
canyon reservoirs, especially the deep reservoirs in Southwest China. Because an artificial
reservoir has a special hydrological regulation and water management regime for the
purpose of power generation, the particulate matter sources and accumulation rates into
the sediment are different from those in lakes. In order to optimize water protection
and reduce nitrogen accumulation in reservoirs, sediment nitrogen transformation and
diffusion to overlying water—which tends to play a role in endogenous pollution—urgently
needed to be understood.

Water-soluble inorganic nitrogen and adsorbed inorganic nitrogen were the domi-
nant nitrogen forms at the SWI; a growing number of studies have documented that the
water-soluble and adsorbed nitrogen varied significantly along with the water chemistry
changes [18]. Generally, there are two methods that have been employed universally to
study nitrogen cycling at the SWI: incubation of intact sediment core experiments and
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profiling of pore waters coupled to deterministic models [19,20]. The former methodology
has revealed that the nitrogen species fluxes at the SWI varied among different aquatic
environments, but it is difficult to infer the detailed relevant transformation processes
involved at different depths of sediment. For the purpose of both identifying the nitrogen
cycling processes and estimating the effluxes and influxes of nitrogen species at the SWI,
the later methodology could provide more information on the nitrogen fate at the SWI.
Additionally, stable isotopes approaches have been applied extensively in recent studies on
watershed-scale nitrogen cycling for better understanding of the nitrogen transformation
processes [21–23] and for identifying the source of particulate matter.

Most current studies on nitrogen transformation and diffusion of sediment paid close
attention to aquatic systems, such as rivers, lakes, and oceans, while the knowledge on the
fate of nitrogen and related key influencing factors at the sediment and water interface
in deep reservoirs is still limited. In order to understand the effects of seasonal thermal
stratification on nitrogen transformation and to quantitatively evaluate the contamination
of endogenous nitrogen in a deep reservoir, the concentrations of nitrogen species and
stable isotopes (δ15N-PON) of particulate organic matter were analyzed in sediments,
which were collected during SP and NSP in Wujiangdu (WJD) reservoir, a typical deep
canyon eutrophic reservoir in Southwest China. The study aimed to (1) clarify the seasonal
variation characteristics of sediment nitrogen species in a deep reservoir; (2) to understand
how the DO affected the transformation and diffusion of sediment nitrogen by comparative
study between SP and NSP; (3) to quantitatively estimate the nitrogen exchanges at the
SWI and assess the influence of seasonal thermal stratification. The results of this study
provide implications useful for assessing the effects of endogenous nitrogen on nitrogen
contamination in a deep reservoir that has characteristics of seasonal thermal stratification
and nitrogen transformation and transportation that are similar to other deep reservoirs
worldwide, and helping to fulfill water management policies in watersheds in consideration
of the nitrogen contamination originating from the SWI.

2. Materials and Methods

2.1. Study Area

Wujiang River Basin is one of the largest tributaries on the south bank of the Yangtze
River, and the WJD reservoir is the earliest (1979) seasonal regulating hydropower station
built and put into use in China. The WJD reservoir is located in the middle reaches of the
Wujiang River Basin (106◦47′ E, 27◦18′ N, 27,790 km2), which drains the Southeast Asian
Karst Region [24,25]. The average annual flow rate of the WJD reservoir is 502 m3·s−1, and
the storage area is 47.8 km2. There are abundant coal resources and industrial production
bases in the area, such as a Wujiang manganese steel plant, phosphate fertilizer plant,
and chemical fertilizer plant. Historically, intensive human activity has caused a serious
eutrophication in the WJD reservoir, mainly on account of perennial cage fish aquaculture;
hence, the hydrochemistry of the WJD reservoir is characterized by its high nitrogen
loading [5].

The WJD reservoir, a deep canyon artificial reservoir, had significant seasonal variation
in the profiles of water chemical parameters (especially the water T and DO). The WJD
reservoir becomes thermally non-stratified from November to March, while remaining
thermally stratified from April to October [5]. The water T difference between upper and
lower layers reaches to 12.4 ◦C during the SP, while the water profile is homogeneous in
the NSP, with small temperature differences (0.11 ◦C) among the vertical water mass. In
Spring (typically in April) and Autumn (in October), the water layers are in a transitional
stage of thermal stratification, and the most significant thermally stratification and non-
stratification occurs in July and January, respectively. Thus, it was ideal to study the
influences of seasonal thermal stratification on nitrogen transformation and transportation
in the sediment-water interface by comparing those in July and January. The sediment
type in the WJD reservoir is fine-grained, with a high proportion of clay [26]. The water
chemical parameters in the WJD reservoir are shown in Table 1.
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Table 1. Water chemical parameters in the WJD reservoir from our previous study [27].

T (◦C) DO (mg·L−1) EC (ms·cm−1) pH NH4+-N (mg·L−1)

Range 10.7~28.6 6.6~15.9 0.18~0.32 7.8~8.9 0.01~1.44
K+ (mg·L−1) Na+ (mg·L−1) Ca2+ (mg·L−1) Mg2+ (mg·L−1) NO3

−-N (mg·L−1)
Range 1.56~1.81 3.36~4.38 61.32~65.64 10.78~11.80 1.23~3.50

2.2. Sampling and Analysis

A sampling site was chosen at the front of the dam (<1 km to the dam) in Wujiangdu
Reservoir, where the depth of the water reached to 113 m and 95 m in the NSP and SP,
respectively. Based on previous studies that indicated that sediment cores in lakes and
reservoirs are generally consistent, single or two sediment cores would thus be enough
for studying the transformation and spatial distribution of nutrients and heavy metals in
a lake or reservoir [28–31]. Moreover, this study focused on nitrogen transformation and
transportation mainly in the deepest parts of the reservoir (close to the dam), where the area
was relatively small and the sediment was consistent. Referring to previous studies [28–31],
two sampling campaigns were conducted on the NSP (January 2018) and SP (July 2019),
respectively, and two sediment cores were collected by a sediment corer (Hydro-Bios, Inc.,
Altenholz, Germany) at the front of dam in the reservoir (<1 km from the dam), which is the
deepest site in the reservoir (Figure 1). The sediment core collected in the NSP was 58 cm
long and that in SP was 52 cm; the diameter of the sampling tube was 7 cm. Sample cores
were sliced and sub-sampled immediately after sampling in the field (the first 20 cm was
sliced at a 1 cm depth interval and at 2 cm intervals afterwards), then stored in anaerobic
sample tubes, as in the studies of Hogarh et al. and Copetti et al. [28,31]. These samples
were centrifuged by a centrifugal machine placed in a N2-filled container to separate pore
water and were then filtered with a 0.45 μm cellulose acetate membrane. After these
pretreatment process, they were stored at 4 ◦C away from light. In the laboratory, after
the centrifuged sediment samples were freeze-dried at −30 ◦C, they were ground with
an agate mortar, passed through a 100-mesh sieve, and then stored in polyethylene bags
under 4 ◦C till analyzed. The overlying waters were sampled by two methods. First, for
the overlying water close to the sediment (depth < 50 cm), we collected the water samples
using a silicone tube (diameter 6 inches) by siphon method in the sediment corer before
sediment subsampling; second, the overlying water samples above the sediment (>1 m)
were sampled with a water sampler (Hydro-Bios, Altenholz, Germany).

 
Figure 1. Map showing the study area and the sampling sites at the WJD reservoir.
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Water-soluble nitrogen was extracted from 2 g of the ground sediment samples using
10 mL deionized water, then 10 mL 2 mol·L−1 KCl was added and processed with the same
method to obtain the absorbed inorganic nitrogen—the potential nitrogen of which could
be replaced by special iron. Then, the concentrations of nitrogen species (NH4

+-N, NO3
−-N,

and total nitrogen, TN) of pore waters and water-soluble and absorbed nitrogen species
were determined by continuous-flow analysis (AA3 Auto Analyzer, SEAL, Norderstedt,
Germany). The nitrogen detection limit was 0.001, 0.003, 0.003, and 0.01 mg·L−1 for
NO2

−-N, NO3
−-N, NH4

+-N, and TN, respectively. NO2
−-N was under the detection limit.

Laboratory standards and replicated samples were employed to keep the precision of
NH4

+, NO3
−, and TN concentration analysis higher than ±5%. The dissolved organic

nitrogen (DON) had a differential value to TN and total inorganic nitrogen (TIN, including
NH4

+-N and NO3
−-N).

Processed sediment samples were weighed at 0.5 g and 15 mL 0.5 mol·L−1 HCl and
2 mol·L−1 KCl solution was added to remove inorganic carbon and nitrogen, then samples
were washed repeatedly with deionized water until becoming neutral. The samples were
freeze-dried and ground afterwards for nitrogen-stable isotopes (δ15N-PON) and C/N
molar ratio analysis by stable isotopic mass spectrometer (MAT-253) and elemental analyzer
(Elementar, Rhine main, Germany) at Tianjin Normal University.

2.3. Calculation of Nitrogen Diffusion at SWI

The diffusion of water-soluble nitrogen at the SWI was driven by the nitrogen gradi-
ents and calculated by Fick’s first law, following equation [19,20]

F = DS × ϕ × (∂c/∂z) (1)

where F (mg·m−2·d−1) is the diffusion flux of nitrogen, and ∂c/∂z (mg·L−1·cm−1) is the
gradient of dissolved substance across the SWI, which could be fitted by exponential
function using the nutrient concentration of overlying water and the depth of SWI of
about 5 cm. Then, the derivative of exponential function when Z = 0 was taken as the
concentration gradient. C (mg·L−1) was the concentration of nitrogen, and Z (cm) was
the vertical distance, which started from the upper boundary of the SWI and increased
with depth. ϕ is the surface sediment porosity and can be approximately estimated by
following equation [32]:

ϕ = (r − s)/r (2)

where r is the wet weight of sediment, while s is the dry weight. DS (cm2·s−1) is the actual
diffusion coefficient under different T conditions, which can be expressed as follows [32,33]:

DS = ϕ D0 (ϕ < 0.7) (3)

DS = ϕ2 D0 (ϕ ≥ 0.7) (4)

where D0 is the diffusion coefficient in infinite dilution, and the values for NO3
−-N and

NH4
+-N at 25 ◦C are 19.0 × 10−6 and 19.8 × 10−6 cm2·s−1, respectively. Thus, it could be

corrected according to the following formula due to the different T [34]:

D0 (NO3
−-N) = 19.0 × 10−6 + 0.4 × (T − 25 ◦C) (5)

D0 (NH4
+-N) = 19.8 × 10−6 + 0.4 × (T − 25 ◦C) (6)

2.4. Data Processing

IBM SPSS Statistics 19 was used for data analysis. Analysis of variance (ANOVA) was
performed to examine the differences in the nitrogen concentrations in the SP and NSP.
Additionally, t-tests were used to identify the variables of the C/N ratio and δ15N-PON in
sediments of before and after artificial dam construction. Significance levels were reported
to be p < 0.05 and p < 0.001. Microsoft Excel was used to analyze the linear correlation
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of variables and obtain the value of the correlation coefficient (R2). All the data were
completed by Origin 2018, Grapher 15, and Microsoft Office 2010. The concentrations of
nitrogen species in the sediment of the WJD reservoir are listed in Table 2.

Table 2. The concentrations of nitrogen species in sediment of WJD reservoir.

Sampling
Period

Types
Nitrogen
Species

Min
(mg·kg−1)

Max
(mg·kg−1)

Average
(mg·kg−1)

SD
Coefficientof

Variation

SP

water-soluble
nitrogen

NH4
+-N 12.15 31.37 21.01 5.12 0.24

TN 63.51 121.36 86.83 14.34 0.17

absorbed
nitrogen

NH4
+-N 58.07 85.71 70.99 7.65 0.11

NO3
−-N 4.81 12.70 7.16 2.28 0.32

TN 90.95 255.65 159.20 45.35 0.28

NSP

water-soluble
nitrogen

NH4
+-N 5.74 27.64 14.86 4.44 0.30

NO3
−-N 0.06 0.58 0.31 0.14 0.46

TN 57.39 339.36 144.49 62.43 0.43

absorbed
nitrogen

NH4
+-N 48.04 89.97 71.93 9.75 0.14

NO3
−-N 5.78 24.75 12.67 4.75 0.37

TN 120.68 398.65 223.85 63.77 0.28

3. Results

3.1. Seasonal Variation of Inorganic Nitrogen in Sediment Pore Water

The concentrations of NH4
+-N in pore water ranged from 5.7 to 27.6 mg·L−1 and

from 15.3 to 31.4 mg·L−1 (averaged 14.9 and 21.0 mg·L−1) in the NSP and SP (Table 2),
respectively. There were significant seasonal differences in vertical distribution of NH4

+

and NO3
− in the upper layer (0–19 cm) of the sediment between the two periods, but

the distribution nearly synchronously varied at deep layers (>19 cm) (Figure 2). The
concentrations of NH4

+-N were lower in the upper layer of the sediment, then increased
with depth in the NSP, while reversing in the SP. Inorganic nitrogen in pore water was
mainly composed of NH4

+-N, accounting for 90.8~99.7% in the NSP. On the contrary, the
concentration of NO3

−-N in sediment pore water was only determined at 0–19 cm depth
(the concentration ranged from 0.056 to 0.58 mg·L−1) in the NSP, while it was under the
detection limit (0.001 mg·L−1) in the SP and the deep layer of the sediment in the NSP. NO3

−-N
was detected only in the NSP at the depth of 0–19 cm with a low concentration in pore water,
while the concentration of NH4

+-N notably exceeded NO3
−-N (p < 0.001) in this period.

Figure 2. Characteristics of the vertical distribution of inorganic nitrogen in sediment pore water.
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3.2. Seasonal Changes in Water-Soluble and Adsorbed Nitrogen in Sediment

Concentrations of adsorbed total nitrogen (TN) ranged from 120.7 to 398.56 mg·kg−1

in the NSP and from 91 to 255.7 mg·kg−1 in the SP, with an average value of 233.9 and
159.2 mg·kg−1, respectively. The water-soluble TN ranged from 57.4 to 339.4 mg·kg−1 and
from 63.5 to 121.36 mg·kg−1 (averaged 144.5 and 86.8 mg·kg−1) in the NSP and SP (Table 2),
respectively. The adsorbed TN was 1.4 to 2.7 times higher than that of the water-soluble TN.
Meanwhile, the concentrations of nitrogen species displayed different seasonal variation;
adsorbed TN in the sediment at 0–10 cm in the SP increased with depth, and there was no
significant change in water-soluble TN (Figure 3).

 
Figure 3. Characteristics of the vertical distribution of absorbed nitrogen species in sediment.

The vertical distribution of adsorbed TN in two seasons was roughly the same as
those of DON, and there were obvious seasonal differences in the upper layer (0–10 cm)
of sediment (Figure 3). In addition, DON concentrations were higher and decreased with
depth in the NSP, while displaying the opposite in the SP (Figure 4). Figure 4 shows the
vertical variation of different nitrogen species in both the SP and NSP, with the statistics of
each nitrogen species including the whole data of the profile. Moreover, the concentration
of adsorbed inorganic nitrogen varied in a smaller range than that in DON, and NH4

+-N
was the main component, accounting for 80.5% to 93.3% of the TN. The concentrations
of absorbed NH4

+-N ranged from 48.0 to 90.1 mg·kg−1 in the NSP and from 58.1 to
85.7 mg·kg−1 in the SP, while the concentrations of absorbed NO3

−-N ranged from 5.8 to
24.75 mg·kg−1 in the NSP and from 4.8 to 12.7 mg·kg−1 in the SP. DON was the dominant
component of TN (Figure 4), ranging from 52.8 to 300.1 mg·kg−1 in the NSP and from 13.0
to 176.4 mg·kg−1 in the SP, with a mean proportion ranging from 47% to 60%.
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Figure 4. Concentrations of absorbed nitrogen species in the WJD reservoir.

3.3. Characteristics of the Vertical Distribution of Stable Nitrogen Isotope (δ15N-PON) and the
C/N Ratio in Sediment Particulate Organic Matter

The profiles of the C/N ratio displayed no obvious seasonal variation when increasing
with depth (Figure 5), and the values varied from 9.1 to 16.2 (mean value was 11.8) in
the NSP and from 10.1 to 15.3 (mean value was 12.2) in the SP. The δ15N-PON values
ranged from +5.7‰ to +6.8‰ and from +4.9‰ to +7.2‰, with an average value of +6.3‰
and +5.7‰ in the NSP and SP, respectively. Additionally, the δ15N-PON values decreased
slightly when compared with those from 10 years ago (from +6.84‰ to +13.64‰), and
there was inconspicuous difference in the vertical distribution of δ15N-PON in the NSP.
Contrarily, it was roughly divided into two stages in the SP: the first stage was 0–15 cm
(the mean value was +6.0‰, with the highest value of +7.2‰ and the lowest value of
+4.9‰) and generally decreased with depth; the second stage was 16–52 cm (mean value
was +5.4‰), where the δ15N-PON varied in a small range.

 
Figure 5. Characteristics of the vertical distribution of δ15N-PON and C/N ratio in particulate
organic matter.

3.4. Diffusion Fluxes of Inorganic Nitrogen at the SWI

Considering the seasonal differences in DO and T conditions in a deep reservoir, the
actual T at SWI during the sampling period (14.7 ◦C in the NSP and 12.2 ◦C in the SP) was
used to correct the actual diffusion coefficients of NH4

+-N and NO3
−-N (Table 3). The
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diffusion fluxes (F) of inorganic nitrogen during the sampling period were calculated with
∂c⁄∂z and ϕ (Table 4), and the values for NH4

+-N were 9.48 and 15.66 mg·m−2·d−1; for
NO3

−-N the values were −1.49 and −0.21 mg·m−2·d−1 in the NSP and SP, respectively.
Generally, a positive flux represents nitrogen released from sediment to overlying water,
while a negative flux represents that from the overlying water to the sediment.

Table 3. The actual diffusion coefficient under different T conditions of NH4
+-N and NO3

−-N.

T (◦C) NH4
+-N (cm2·s−1) NO3

−-N (cm2·s−1)

0 9.8 × 10−6 9.78 × 10−6

12.2 9.87 × 10−6 9.33 × 10−6

14.7 10.54 × 10−6 10.01 × 10−6

25 19.8 × 10−6 19 × 10−6

Table 4. Calculation of inorganic nitrogen diffusion fluxes at the SWI of WJD.

Sampling
Time

Inorganic
Nitrogen

Exponential
Function

R2 ϕ
∂c⁄∂z

(mg·L−1·cm−1)
F

(mg·m−2·d−1)

January 2018 NH4
+ y = 3.2791e−0.368x 0.88

0.82

−1.27 9.48
NO3

− y = 0.838e0.2492x 0.92 0.21 −1.49

July 2019 NH4
+ y = 6.3376e−0.353x 0.73 −2.24 15.66

NO3
− y = 0.24e0.1345x 0.63 0.032 −0.21

4. Discussion

4.1. Effects of Seasonal Thermal Stratification on Nitrogen Transformation in Sediment Pore Water

In the sediment of the WJD reservoir, the variations in the concentrations of NO3
−-N

and NH4
+-N in pore water suggested that the proportion of NH4

+ consumed by sediment
nitrification was much lower than the NH4

+ generated by mineralization under hypoxic
conditions. Additionally, the significantly higher concentration of NH4

+-N in pore water
during the SP than that of the NSP (p < 0.05) indicated that the NH4

+ was mainly controlled
by anaerobic mineralization. The seasonal differences in concentrations of NH4

+-N and
NO3

−-N were mainly driven by DO level, since the oxygenated hypolimnetic water would
promote the NH4

+ that originated from mineralization to be nitrified to NO3
− [5,14].

Moreover, the seasonal differences in the vertical distribution of NH4
+ and NO3

− in the
upper layer (0–19 cm) and deep layers (>19 cm) (Figure 2) indicated that the effects of
seasonal thermal stratification on NH4

+-N in pore water only played a role in the upper
layer (Figure 6). This might be related to the sediment porosity, which only permitted DO
to permeate to some extent.

 

Figure 6. Schematic diagrams of major nitrogen biogeochemical processes at the SWI during the NSP
and SP at the WJD reservoir.
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Previous studies have demonstrated that the concentrations of NH4
+-N in the pore

water of sediment are dominated by the content of organic matter, degradation rate, and
deposition environment [6]. What is more, it has been verified that anaerobic mineralization
is mainly affected by sediment properties (especially porosity) [35]. Additionally, a number
of studies revealed that larger porosity in upper layers of the sediment would provide
better conditions for various microorganism-driven nitrogen processes than that in deep
layers, mainly resulting from better oxygen and nitrogen exchange among the SWI. Thus,
it could be inferred that the concentration of NH4

+-N decreased with depth in the upper
layer in the SP, mainly owing to the different porosity between upper layers and deep
layers by affecting the potential ammonification of organic matter in the two layers.

Subsequently, it has been reported that the dissimilatory nitrate reduction to ammo-
nium (DNRA) could easily occur under the proper conditions with high carbon content and
limited NO3

− in the sediment [9,36], which is consistent with the findings of this study in
the WJD reservoir (carbon content reached 5.05%, and the concentrations of NO3

−-N were
less than 0.31 mg·L−1). Additionally, along with the NO3

− decreasing in the upper layer in
the NSP, the NH4

+ increased dramatically under hypoxic-anaerobic conditions (Figure 2),
and the aerobic mineralization should not contribute so much newly produced NH4

+.
Thus, there might be a proportion of newly produced NH4

+ originating from DNAR. Over-
all, the shift of thermal stratification from the SP to the NSP not only contributed NO3

−
in the SWI but also changed the nitrogen cycling processes of the sediment upper layer,
i.e., the nitrogen transformation was jointly influenced by nitrification, mineralization, and
DNAR in the NSP (Figure 6). Based on the discussion and findings mentioned above,
we inferred the major nitrogen biogeochemical processes in the WJD reservoir by using
schematic diagrams, as shown in Figure 6. In this study, different nitrogen biogeochemical
processes were addressed in the SP and NSP, respectively. With that, we want to highlight
the contribution of nitrification to the release of nitrogen at the SWI in the NSP since it
will consequently influence nitrogen transportation in the downstream rivers, which will
probably lead to uncertainty when evaluating the nitrogen budget in an impounded river.

4.2. Contribution of Absorbed Nitrogen Species in Sediment Nitrogen Cycling

Concentrations of adsorbed TN were significantly higher than those of water-soluble
TN (p < 0.05) in the SP and NSP, which was mainly attributed to the clay minerals in the
sediment adsorbing a large amount of ionic nitrogen. Here, we employed the differences
between water-soluble and absorbed TN (ΔTN) to characterize the potential contribution
and ability of absorbed nitrogen species in particulate matter to directly participate in
the nitrogen transformation process (Figure 3). A clear seasonal variation in ΔTN was
observed (ANOVA, N = 10, p = 0.001), especially in the upper layer (0–10 cm) of sediment.
Compared with the constant variation in ΔTN during the NSP, the increasing ΔTN in the
upper layer during the SP (Figure 3) suggested that it was more conducive for adsorbed
nitrogen to participate in the conversion of water-soluble nitrogen in the SP. Furthermore,
in the deep layers (>10 cm), the similar decreases and comparable concentrations of ΔTN,
water soluble TN, and adsorbed TN between the two periods indicated that the adsorbed
nitrogen contributed less to soluble TN than that in the upper layer and that the effects of
thermal stratification on the transformation of adsorbed nitrogen was limited.

Specifically, the increases in ΔTN and adsorbed TN in the upper layer during SP
mainly resulted from the increases in dissolved organic nitrogen (DON), which was the
major component of TN, displaying similar vertical profiles and seasonal variation as
adsorbed TN (Figure 3). As a result, the significant seasonal differences in DON could
account for those in adsorbed TN (Figure 4), which verified that the seasonal changes in
adsorbed TN were primarily controlled by DON. Moreover, the water regulation of the
reservoir would affect organic matter in sediment, e.g., anti-seasonal hydrological regime
made it possible to continuously accumulate organic particulate matter from upstream
to the sediment upper layer in the NSP, while the water discharge in the SP decreased
the rate of particulate matter sedimentation, which resulted in an overall higher DON
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concentration in the NSP than that in the SP (p < 0.05). In addition, higher concentrations
of NH4

+ in the sediment upper layer (0–10 cm) in pore water in the SP (Figure 2) and
lower concentrations of absorbed DON than those in the NSP (Figure 3) were observed,
which were driven by intensive mineralization in the sediment upper layer in the SP,
demonstrating that the seasonal differences in mineralization rate were the dominant factor
of DON. Furthermore, steady decreases in adsorbed DON in the upper layer (0–10 cm)
(Figure 3), accompanied by an increase in NH4

+ in pore water in the SP (Figure 2) was
mainly attributed to the vertical variation in the mineralization rate that generally would be
decided by the porosity of the sediment [35]. Additionally, the inconspicuous differences
in vertical distributions of absorbed inorganic nitrogen (NH4

+, NO3
−) during sampling

time (Figure 3), compared with the significant seasonal variations in NH4
+ in sediment

pore water, especially in sediment upper layer (Figure 2), demonstrate that these parts of
nitrogen could not participate directly in the nitrogen transformation process. As noted
above, the findings of this study revealed the complexity of the nitrogen species distribution
and transformation in a thermally stratified reservoir, which is obviously different from
natural lakes, and is something that should be emphasized in the future studies of the
nitrogen budget and nitrogen management in reservoirs.

4.3. Impact of Dam Construction on Sedimentary Nitrogen Sources

The source of sediment organic matter and nitrogen transformation processes could
be effectively characterized by the combination of δ15N-PON and the C/N ratio [37,38].
According to the annual deposition rate (0.46 cm·a−1) [39] and the age of the WJD reservoir,
we inferred that sedimentation after dam construction concentrated at the depth of 0–19 cm.
The significant differences in sedimentation and nitrogen transformation processes of par-
ticulate matter before and after artificial dam construction are displayed by the C/N ratio
(p < 0.001) and δ15N-PON (p < 0.05) (Table 5), respectively. These remarkable differences in
the C/N ratio and δ15N-PON imply that dam construction severely alters particulate matter
deposition in a reservoir, suggesting that it would be important to reassess the effects of
dams and reservoirs on nitrogen accumulation and transportation in impounded rivers.

Table 5. Statistics of C/N ratio and δ15N-PON at different sampling periods.

Sampling Time Items
Before

Construction
After

Construction
t-Test

January 2018 C/N ratio 11.11 ± 1.68 8.99 ± 0.51 5.09 ***
δ15N-PON 6.29 ± 0.35 6.22 ± 0.21 0.62

July 2019 C/N ratio 11.72 ± 0.97 9.45 ± 0.74 8.09 ***
δ15N-PON 5.46 ± 0.31 5.81 ± 0.62 −2.23 *

Note: *** was p < 0.001; * was p < 0.05.

A large isotope fractionation (+4.9~+7.2‰) was observed at 0–19 cm in the SP. Gener-
ally, the different isotopic fractionation among nitrogen cycling processes would verify the
values of isotopic signals [21], e.g., the isotope fractionation caused by degradation was
about 1‰. Hence, this large isotope fractionation in the SP could be attributed to the min-
eralization rate under anaerobic conditions. Additionally, the vertical profiles of δ15N-PON
displayed a significant seasonal change at 0–19 cm, and it decreased with depth in the SP,
while not expressing clear variation in the NSP (Figure 5). Nitrogen isotope fractionation
during mineralization leading to 15N enriched in the residual of mineralization (PON)
would consequently result in the enrichment of 15N in organic particulate matter at the
sediment upper layer. Furthermore, accompanied by an incompatible exponential decay
model of depth and the content of organic nitrogen (R2 < 0.5) [35], it was commonly verified
that the nitrogen transformation processes were mainly dominated by mineralization at
the sediment upper layer under anaerobic conditions.

Lower C/N ratio values were noticed at the sediment upper layer than at the bottom
(Figure 5), which could be attributed to DO and microbial activity playing key roles at the
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sediment upper layer as the major factors for the degradation process of organic matter [40].
Moreover, the vertical distribution of the C/N ratio was displayed analogically in the SP and
NSP (Figure 5). On account of the C and N in the degradation processes displaying an equal
proportion, which was related to Formulas (7) and (8) [41], the degradation reactions could be
considered as a potential factor driving the vertical distribution of the C/N ratio.

(CH2O)106(NH3)16(H3PO4) + 138O2 → 106CO2 + 16HNO3 + H3PO4 + 122H2O (7)

(CH2O)106(NH3)16(H3PO4) + 94.4HNO3 → 106CO2 + 55.2N2 + H3PO4 + 177.2H2O (8)

4.4. Endogenous Release of Sediment Nitrogen

Diffusive fluxes of inorganic nitrogen were different depending on seasonal changes,
i.e., the diffusion flux (efflux) of NH4

+-N was 1.65 times in the SP than that in the NSP
(Table 4), which was mainly attributed to the concentration gradient and microbial activity
verified by the finding that the release of NH4

+-N was significantly increased when nitri-
fication was restricted. The concentrations of NH4

+ at the SWI in the SP were 5.3 times
than those in the NSP, which would mainly be governed by the thermal stratification, the
seasonal changes of mineralization rate, and the water density in the deep reservoir [5,14],
resulting in a stagnation of NH4

+ in pore water and a higher nitrogen gradient during
the SP. The diffusion fluxes of NO3

− were presented as influxes from water towards the
sediment, i.e., the NO3

− was accumulated in the sediment in both the SP and NSP, which
was mainly due to sufficient denitrification under anaerobic conditions, which significantly
reduced the concentration gradient of NO3

−. Compared with other reservoirs/lakes world-
wide, the diffusion fluxes of NH4

+-N at the SWI of the WJD reservoir were higher than
those in Marano and Grado Lagoon in Italy, Danjiangkou Reservoir, Suma Park Reservoir,
and Guanting Reservoir, which were less polluted, while the diffusion fluxes were closer
to those at in the Yuqiao Reservoir, Upper Klamath Lake, and Erhai Lake (Table 6). This
demonstrated that deep canyon reservoirs in Southwest China have relatively high NH4

+

effluxes from the SWI, even though this region has been generally considered as a less
disturbed and contaminated area, which implies that further studies are needed to assess
the potential nitrogen pollution that can attributed to endogenous nitrogen release.

Table 6. Comparison of inorganic nitrogen diffusion fluxes at the SWI of other reservoirs.

Study Site Location
Diffusion Flux (mg·m−2·d−1)

Reference
NH4

+-N NO3
−-N

WJD Reservoir China 9.48~15.66 −1.49~−0.21 This study
Danjiangkou Reservoir China 0.39~17.66 −16.97~−4.33 [42]

Yuqiao Reservoir China 4.38~30.57 −31.96~−4.13 [43]
Guanting Reservoir China 1.59~13.00 - [6]

Erhai Lake China 8.97~74.84 - [32]
Suma Park Reservoir Australia 1.70 ± 1.20 0.30 ± 0.20 [20]

Marano and Grado Lagoon Italy 4.88 ± 0.76 −21.30 ± 3.45 [44]
Upper Klamath Lake America 4~134 −20~−0.1 [45]

Note: “-” was no data.

Yu et al. [46] investigated the sediment characteristics (including the sediment thick-
ness and the concentrations of TN) of different sampling sites in the Dongfeng reservoir,
a canyon reservoir along the same river as the one in this study, and they reported that
although the sediment thickness varied spatially, the concentrations of TN in the surface
sediment throughout the reservoir varied within a small range. Based on the updated
study at the WJD reservoir [47]—and provided that the mean slope of hills was 30◦ and the
mean depth was 90 m—the area of the surface sediment was estimated to be 11.6 km2, and
the total content of NH4

+ in the water of the WJD reservoir reached 244 t. Thus, the total
annual release of NH4

+ was calculated to be 53.4 t, accounting for 21.8% of the total NH4
+

content in the water of the WJD reservoir, which highlights the contribution of diffused
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NH4
+ from sediment to overlying water and the need for more attention in a future study

to the evaluation of the environmental effects of endogenous nitrogen release in a high
nitrogen-loading river basin.

5. Conclusions

This work aimed to identify the nitrogen transformation processes affected by ambient
conditions of seasonal thermal stratification, to explore the factors controlling endogenous
nitrogen release, and to quantify the nitrogen diffusion fluxes at the SWI of the WJD
reservoir, an artificial deep reservoir in the Southeast Asian Karst Region. The vertical
distribution profiles of nitrogen species verified that the mineralization rate of the upper
layer (0–10 cm) overpassed that of bottom in the SP. Additionally, the nitrification that
occurred in NSP illustrated the existence of NO3

− at 0–19 cm in pore water. Even though
similar phenomena have been observed in other lakes worldwide, the findings were
seldom explained and reported in deep canyon reservoirs in Southwest China. We inferred
that if thermal stratification commonly affected the nitrogen processes in most of the
similar reservoirs, then the total NO3

− influxes in deep reservoirs could be re-evaluated
for a complete understanding of the nitrogen budget in impounded rivers worldwide.
Combined with the seasonal distribution of δ15N-PON and the C/N ratio, we also observed
that the large isotope fractionation and significant seasonal differences in nitrogen species
in the upper layer during the SP were mainly controlled by mineralization. Moreover,
the sediment served as the source of NH4

+-N and the reduction in NO3
−-N during the

sampling time and the diffusion fluxes of sediment nitrogen were relatively close to those
of seriously polluted lakes in China, which suggests that the deep canyon reservoirs may
have an endogenous nitrogen transportation that is similar to that in polluted lakes, and
that it may be enlarged by the water storage regulation mode that is used for better power
generation. This study emphasized the influence of ambient conditions on endogenous
nitrogen transformation and diffusion in a deep reservoir and provides an efficiently
theoretical basis for managing watershed-scale nitrogen contamination in aquatic systems.
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Abstract: Following successful abatement of external nutrient sources, one must shift the focus to
the role of phosphorus (P) release from sediment. This enables us to better assess the causes for
sustained eutrophication in freshwater ecosystem and how to deal with this challenge. In this study,
five sediment cores from the shallow YuQiao Reservoir in northern China were investigated. The
reservoir serves as the main raw water source for tap water services of Tianjin megacity, with a
population of 15.6 million. Sediment characteristics and P fractions were determined in order to
assess the role of the sediments as the P source to the water body. The total P content (TP) in sediments
was similar to what was found in catchment soils, although the P sorption capacity of sediments was
7–10 times greater than for the catchment soils. Isotherm adsorption experiments documented that
when P concentration in overlying water drops below 0.032–0.070 mg L−1, depending on the site,
the sediment contributes with a positive flux of P to the overlying water. Adsorbed P at different
depths in the sediments is found to be released with a similarly rapid release rate during the first
20 h, though chronic release was observed mainly from the top 30 cm of the sediment core. Dredging
the top 30 cm layer of the sediments will decrease the level of soluble reactive phosphate in the water
being sustained by the sediment flux of P.

Keywords: phosphorus release; internal P source; desorption P; abatement action; YuQiao Reservoir

1. Introduction

1.1. Phosphorus Biogeochemistry and Indexes

Phosphorus (P) is an essential and usually limiting nutrient for primary production in
aquatic ecosystems. Main anthropogenic P sources to surface water are generally distin-
guished between external sources, originating from diffuse (agricultural and aquaculture
areas) or point sources (industrial and domestic sewage), and the internal source, which is
P released from the sediments [1,2]. An increased flux of P to aquatic system degrades the
water quality through eutrophication. The aquatic ecosystem responds to the increased
nutrient levels with algae blooms pumping the P down into the lake sediments [3,4]. In
the sediments, the mineralization of this organic P builds up a pool of adsorbed labile P.
Depending on environmental conditions, the sediment may thereby also act as a P source,
releasing labile P to the overlying water. Lake sediment is thus often the key element
regulating the trophic level of its aquatic ecosystem [5]. A large number of biochemical
and abiotic processes play important roles at the sediment–water interface governing the
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flux of P to or from the lake water [6,7]. Mineralized P in the sediment is in equilibrium
with the pore water, which exchanges with the overlying water through diffusion and
convection [8]. However, factors governing the rate of mineralization of P and the release
mechanisms between the sediments and water are not well known.

As external pollution sources are eventually being increasingly curbed through effec-
tive abatement actions, the internal flux of P from the sediments is becoming the major P
source, sustaining a high trophic level in many water bodies. Knowledge on how to limit
this internal P loading from the sediment has thus become the key to achieve a sustainable
restoration of lake ecosystems [1,8,9]. More studies on this issue are thus now required
in order to enhance our ability to select optimum final abatement actions, solving the
eutrophication challenge.

Risk of P release from sediments is mainly dependent on the form of P in the sedi-
ment, the concentration of P in the overlying water, the sediment texture and its pool of
organic matter, as well as several physicochemical factors (i.e., temperature, pH, redox
potential) [10–12]. The particle size distribution or texture of the sediment govern both
the sorption capacity and the porosity, and thus the flow of pore-water. For example, high
content of clay and organic matter in the sediments represented large surface area and
number of sorption sites, facilitating a great P adsorption capacity [13].

Main forms of P in the sediments are calcium phosphates minerals P (Ca–P), non–
mineral P (Fe/Al–P), exchangeable labile P (ex–P), and organic P (OP) [14]. Phosphorus
sorption index (PSI) and degree of P saturation (DPS) are proxies that are commonly
used to assess the risk of P release from sediments [15]. The threshold concentration of
aqueous soluble reactive phosphorus (SRP) for P release is defined as the zero equilibrium
P concentration (EPC0) [14,16]. The difference between EPC0 and SRP in overlying water
is thus used as a criterion to determine whether the sediment acts as a source or sink of P.,
i.e., the sediment is a P source if the EPC0 value is higher than SRP in the overlying water
body. When deciding the depth of dredging, for removal of contaminated sediments, it is
therefore necessary to relate the level of EPC0 at the different depths in the sediments to
the required level of SRP in the overlying water.

1.2. Shifting from External to Internal P Sources

YuQiao Reservoir (YQR) is the final water reservoir in the Luanhe–Tianjin water
diversion development that supplies raw water to Tianjin for domestic supply, agricul-
tural irrigation, and industrial use [17]. Thus, the water quality of the reservoir directly
determines the safety of the city’s water supply system. The rapid economic development
within the Luanhe River and the reservoir’s upper catchment basins has intensified the
eutrophication in the reservoir since the 1990s [18,19]. Long–term monitoring data show
that monthly TP concentrations and the annual tropic indexes have increased rapidly from
0.03 mg L−1 and 15.5 in 1990, to 0.04 mg L−1 and 35.5, respectively, in 2004 [20]. This posed
a threat to drinking water quality and thus represented a potential risk for the water supply
system of the Tianjin megacity. As the reservoir is the major drinking water source for
Tianjin, its eutrophication has required increased investment for water treatment [20].

In the past, the omnipresence of agriculture in the vicinity around the reservoir and the
presence of aquaculture in the reservoirs, as well as the disposal of sewage from the local
population into channels, has contributed to a massive flux of nutrients and organic matter
to the reservoir [21]. In the up–stream Daheiting Reservoir, the total reactive nitrogen
(TN) concentration reached its maximum (5.3 mg L−1) in 2013 and the TP concentration
peaked at 0.34 mg L−1 in 2016 [22]. This eutrophication in the upstream reservoir led to a
high frequency of algae blooms with anoxic conditions in the bottom water. This in turn
posed a serious threat to the water quality of the downstream YQR. Owing to the rapid
deterioration of upstream water and the release of endogenous phosphorous from the
sediments of the reservoir, the water quality of YQR gradually deteriorated. The situation
became acute in 2016 when a large–scale cyanobacteria bloom occurred in YQR with an
algal density of more than 240 million cell L−1 [18]. This algae bloom resulted in a rapid

114



Water 2021, 13, 1983

decline in dissolved oxygen (around 0.7 mg L−1), which seriously threatened the drinking
water safety for the millions of citizens living in the Tianjin metropole, forcing the water
supply from the YQR to be interrupted [22,23].

Summing up, external input was the main source for the high nutrient levels in the
YQR water body. This external input comprised a number of sources, such as the water flux
in the Luanhe River and the inflow from the Daheiting reservoir, as well as local seepage
from numerous solid waste dumpsites, agricultural non–point sources, fishponds, and
village sewage around the reservoir [20,24]. Since the massive alga bloom incident in 2016,
a number of comprehensive abatement actions has successfully reduced the external flux
of P to the reservoir. As a result, the external sources of nutrients to the YQR are now
becoming gradually controlled [20]. The P flux from the sediments now constitute instead
the major driving factor for the present sustained eutrophication of the water body [8].
Thus, investigation of its internal P sources with the aim of identifying targeted and optimal
treatment measures, ensuring the abatement of algae blooms in the YQR, have become
top priority for a sustainable management of the raw water source. In the present study,
the contents of different P pools in sediment were determined, and laboratory simulation
experiments of P release were conducted. The aim of this study is to: (1) investigate the
spatial distribution of P forms in sediment cores; (2) assess factors governing release of P
from the sediments; (3) quantify the rate of P release from the sediments; and (4) suggest
suitable measure for abating the internal flux of P to the water body.

2. Materials and Methods

2.1. Study Area

YuQiao Reservoir (39◦23′–40◦23′ N; 117◦26′–118◦12′ E) is located in the northern part
of Tianjin municipality. This reservoir was formed by a dam, impounded in the Zhou
River in 1960, and has formed a shallow lake (0–12.7 m) with an average depth of 4.6 m
(Figure 1). Through the Luanhe–Tianjin water diversion, the main water sources for YQR
are the Panjiakou and Daheiting reservoirs. In addition, the Lin, Sha, and Li rivers (named
Guo River after confluence, Figure 1) are three major tributaries that feed directly into the
YQR. The entire catchment area of YQR is about 2060 km2, with an average water storage
capacity of 1.6 × 1010 m3. The catchment is dominated by flat plains, with fluvo–aquic
soils, comprising 34.6% of the catchment area. The hill (<500 m a.s.l.) and mountain
(>500 m a.s.l.) regions, with mainly brown– and cinnamon soils, comprise 32% and 24.3%,
respectively, of the catchment. Urban area accounts for the final 9.1% of the YQR basin
area [21]. The reservoir water area in the plains is 74 km2, accounting for 3.6% of the
basin area [12,21]. Farmland on the plains and forest in the hills are the two main land
uses, covering 33.0% and 40.9% of the entire catchment, respectively. Paddy fields account
for 12.6% of the farmland area. Annual average temperature and rainfall is between
10.4–11.5 °C and 748.5 mm, respectively. The rainfall shows seasonal monsoonal variation,
with most precipitation during the summer months July and August.

2.2. Sampling and Analysis

Five sediment cores were collected from the YQR, capturing the range of water depth
(Figure 1) in April 2017. To decrease the direct impact from tributaries, the distance between
the sediment core sampling sites and the fluctuation zone is more than 1.5 km, e.g., YQ
2. Water depth increases in the direction of main flow from east (YQ 1) to west (YQ 4),
with the deepest water level close to the dam (YQ 5). Sediment cores were sectioned in
different depths. For example, each sediment core was sectioned into 10 cm layers along
the top 0–50 cm, and at 15 cm intervals below 50 cm for soil basic parameters analysis,
while the sectioning into 30 cm layers was used for simulation experiments. All sediment
samples were sealed in labeled centrifuge tubes and transported to the laboratory on ice.
Sediment pH, particle size distribution (PSD), organic matter content, and effective cation
exchange capacity (CECe) were determined using methods as described in a preceding
study [25]. Briefly, PSD between silt (0.002–0.05 mm), very fine sand (0.05–0.1 mm), fine
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sand (0.1–0.25 mm), and clay (<0.002) were determined by a laser particle size analyzer.
Organic matter content was determined gravimetrically as the loss on ignition (LOI) at
550 °C, and CECe was measured by extraction using BaCl2. Amorphous Fe and Al–
oxyhydroxide were extracted separately with ammonium oxalate (Feox and Alox) and
citrate–bicarbonate–dithionite (Fecbd, Alcbd), and determined in the extracts using ICP–
OES. All of the sediment characteristics were determined for all core sections, except for
the YQ 1 sediment core, owing to limited samples.

Figure 1. YuQiao Reservoir marked with color–coded water depth and location of sampling sites (YQ 1–5). The light brown
and green colors in the surroundings area are mainly agricultural area and mountains, respectively.

Total inorganic P (IP) in the sediments was extracted using hot (70 ◦C) 6 mol L−1

H2SO4. The total P (TP) content was determined in a similar manner after combustion of the
sediment sample at 550 ◦C, while organically bound P (OP) was calculated as the difference
between TP and IP. The P in extracts of TP and IP were analyzed using Inductively Coupled
Plasma Optic Emission Spectroscopy (ICP–OES). Soil test phosphorus concentration (STP),
commonly used for agricultural nutrient management, was conducted using the Mehlich–3
extractant [26]. STP in the extract was determined by the molybdenum blue method [27]. P
pools in sediment core segments were sequentially extracted into exchangeable P (EX–P),
P adsorbed to amorphous iron (Fe–P), and calcium phosphate minerals P (Ca–P), using
MgCl2, NaOH + NaCO3, and HAc + NaAc as extractants, respectively [28].

2.3. Sorption Index and P Saturation

P sorption index (PSI) [15] is determined as a single–point isotherm by mixing the
sediment with an excess of orthophosphate–P (1.5 mg g−1 sediment) and measuring the
concentration of bioavailable P (i.e., STP) remaining in solution. The index is given as the
ratio of sorbed (X in mg P kg−1) over the log concentration of STP (log C in mg P L−1)
according to Equation (1):

PSI (L/kg) =
X

logC
(1)

Bache and Williams (1971) found that both the arbitrary value of PSI and STP provided
suitable relative proxies for the P sorption capacity (PSC) of the soil. The sum of PSI and
STP is therefore applied as a measure for soil PSC in this study. Degree of P Saturation
(DPS) in the sediments was accordingly determined using Equation (2).
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DPS (%) =
STP
PSC

× 100% =
STP

(STP + PSI)
× 100% (2)

2.4. Sorption Experiments Fordetermination of EPC0

Aliquots of 0.5 g integrated sediment samples from 0–30 cm and 30–60 cm of the cores
were mixed with 50 mL solution of different KH2PO4 concentrations (0.00, 0.025, 0.05, 0.1,
0.2, 0.5, 1, 5, 15, 50, 75 mg L−1) in centrifuge tubes at room temperature. The samples were
shaken for 24 h on a shaker set to rotate at 260 rpm. The supernatant was separated by
centrifugation immediately after sampling and filtered through a 0.45 μm membrane filter.
Phosphate in the filtrate was analyzed using the molybdenum blue method.

2.5. Phosphorus Release Experiment

Each sediment core was sectioned at 30 cm intervals (0–30, 30–60, and 60–90 cm) into
three sediment columns. The level of filtered ambient lake water, which was collected from
one site, above the open sediment column was kept between 60–80 cm. After 1, 2, 8, 15, 30,
60, 120, 180, 240 h, 0.1 L water was gently collected at 10 cm above sediment surface and
replaced by filtered lake sample water, avoiding any disturbance of the sediment.

The release rate of P (R) is calculated using Equation (3) [22]:

R = [V × (Cn − C0)+∑n
j=1 Vj−1 ×

(
Cj−1 − Ca

)
]/S × t (3)

where R is release rate (mmol m−2 d−1); V is the water volume in the sedimentary column
(L); C0, Cn, Cj − 1 are SRP concentration (mmol P L−1) in the samples collected at the
initial, n, and j − 1 times, respectively. Ca is the SRP concentration of added water sample
(mmol L−1); Vj−1 is the volume of collected water sample at time j − 1; S is the interface
surface area of water and sediment (m2); and t is the release time (d). SRP was determined
by the molybdenum blue method.

2.6. Data Statistics

SPSS 22.0 and Excel 2019 were used for statistical data analysis. Origin2017C software
(Originlab, Northampton, MA, USA) was used for figure drawing. Correlation between
variables were analyzed by Pearson’s correlation coefficients (p < 0.05).

3. Results and Discussion

3.1. Sediment Core Characteristics and Variablity

The sediment in YQR is silt loam mainly composed of silt with a minor fraction of clay
(Figure 2). This is similar to the particle size distribution of soils in the flat plain region of
the local catchment [29]. The clay content decreased further from the top to the bottom of
sediment core (Figure 2).

The organic matter content in the sediments is also low, with LOI ranging only from
0.62 to 4.9%, with a mean value of only 1.9% (Table 1, Figure 1). Still, this is 60% higher than
what was measured at the end of the 1980s (1.198%) [30]. The highest organic content is
found in the top sediments (0–30 cm) (Figure 3), especially in the two middle sediment cores
(YQ 3 and 4). The low average LOI are found at the shallowest (YQ1) and deepest water
depth (YQ 5) of the reservoir (Table 1, Figure 1). The organic matter content decreases with
sediment depth, reaching an organic content in the sediments deeper than 80 cm, which is
close to the levels that were measured at the end at the 1980s [30]. Although this is likely
partly due to the gradual mineralization of the organic matter in the sediments over time,
it may also reflect a rapid enrichment of deposited organic matter over the past 30 years.
Based on the comparably low clay and organic matter content, the sorption capacity at the
sediments is expected to be low, and the risk of phosphate release is thus high.
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Figure 2. The vertical variation of particle size distribution at four sites.

CECe reflect the sediment’s ability to hold cations, which influences other soil chemical
properties, e.g., adsorption and desorption capacity, and pH [25,31]. The CECe of sediment
cores ranged from 180 to 379 mmol/kg, with a mean value of 294 mmol/kg (Figure 3).
The base saturation is high with calcium and magnesium ions contributing more than 85%
of exchangeable cations, while the percentage of exchangeable iron and aluminum ions
are relatively minor. The lowest average CECe are found at YQ 2 and 4, while the highest
average CECe are observed at YQ 3 and 5 (Table 1). The spatial variation in CECe does
thus not appear to be governed by the clay nor organic matter content.

 

Figure 3. The vertical variation of LOI, CECe, TP, and IP at four sites.
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Table 1. Characteristics of five sediment cores in YuQiao Reservoir.

Core Depth (cm)

YQ 1
80
7

YQ 2
50
5

YQ 3
95
8

YQ 4
95
8

YQ 5
95
8Subsections

Avg CV a Avg CV a Avg CV a Avg CV a Avg CV a

pH 6.5 6 7.6 1 6.9 3 6.9 3 7.2 3
Clay b – – 3.85 13 6.58 53 6.5 25 2.58 69
LOI b 1.28 22 2.29 33 2.17 10 2.42 64 1.47 56

CECe c 278 20 259 24 341 8 240 28 335 12
TP d 681 12 465 14 442 30 691 15 575 14
IP d 545 14 306 11 342 31 341 26 352 18
OP d 136 52 159 36 99 56 352 19 223 28
STP d – – 16.1 73 21.5 72 14.0 71 20.2 58
Ex–P d – – 3.9 30 7.3 31 4.6 30 9.5 39
Fe–P d – – 7.1 40 50.4 58 106 53 82.3 16
Ca–P d – – 164 12 187 31 194 29 247 17
PSI d – – 1135 14 1106 17 1424 19 1338 7
PSC d – – 1151 14 1128 17 1438 19 1358 6

The units of a, b, c, and d are %, %, mmol/kg, and mg/kg, respectively. Avg and CV mean the average value and coefficient variation.

The concentration of TP in the sediment ranged from 267 to 827 mg/kg, with an
average of 577 mg/kg (Figure 3). This is similar to what was found in the local catchment
soil [25]. Compared to the levels measured in the 1980s (440 mg/kg) the TP has increased
by nearly 30% [32]. It is worth noting that the TP in the middle of the reservoir (YQ 4 with
the highest organic content in the surface layers) reached 827 mg/kg at 10–20 cm (Figure 3).
Along with the clay and organic matter content, the TP also gradually decreased with depth,
but the overall decrease was less than 20%. According to the sediment evaluation standard,
formulated by the Ontario Ministry of Environment and Energy (1992), TP concentration in
freshwater sediments exceeding 600 mg/kg will cause eutrophication. Although three of
the sediment cores with average TP concentrations contain less than 600 mg kg−1 (Table 1),
the top 10 cm of sediments in four sediment cores (YQ 1, 3–5) had a TP concentration that
exceeded this safety threshold (Figure 3).

IP dominated significantly over OP as the main P pool (mean value 67%, Figure 3).
The exception is for the sediment core with the highest organic matter content and TP
(YQ 4), which has similar OP and IP contribution. Since IP is the main P fraction in
the sediment cores, this study mainly focused on the pools of inorganic phosphorus
compounds, including Ex–P, Fe–P, and Ca–P. The results show that Ca–P accounted for
20 to 75% of total phosphorus, while Fe–P accounted for 0.4 to 30% of total phosphorus
(Table 1). Ca-P is mainly constituted by calcium phosphate minerals, reflecting a high
concentration of calcium ions in solution from weathering of carbonates [33]. The release
of phosphate from Fe-P is, on the other hand, governed by the redox potential. As the
main active form of P in sediments, Fe–P transformation at the sediment–water interface
mainly depends on the fluctuating redox potential to effectively control the entire process
of sediment phosphorus adsorption and desorption [34,35]. Under oxygen–rich conditions,
Fe3+ and P combine to form the rather insoluble ferric phosphate (Fe3+–P), which is stored
in the sediments. Under anoxic conditions, the Fe3+ may act as an electron acceptor in the
heterotrophic oxidation of organic matter. This reduces it to Fe2+, which forms the much
more soluble ferrous phosphate, allowing the iron–bound phosphorus to be released to
the pore water. The labile phosphorus in the sediments is therefore mainly contributed
by the Fe–P pool. This is causing the variations in the release of P in sediments to be
mainly governed by changes in the redox state and thereby the valence state of iron [36].
Since bioavailable phosphorus is readily assimilated by the biota, the dissolved labile and
bioavailable phosphorus content and its percentage of TP are held low despite a large
influx [5].
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During the summer season in eutrophic waters, there is a high primary production
in the surface water layer with photosynthetically active radiation (PAR). This leads to
a rich flow of organic matter drizzling down to the sediment, where it becomes partly
decomposed and mineralized through heterotrophic respiration. This consumes dissolved
oxygen and causes hypoxia below the PAR zone [31,37]. In addition, higher temperatures
during the summer increase the activity of microorganisms in the sediment and lower the
overall capacity of the water to hold oxygen, causing a more rapid loss of oxygen in the
water. During the summer season, due to the rapid accumulation primary productivity in
surface water, the combing of low dissolved oxygen at the bottom of the water used by the
degradation and high pH quickly reduced Fe3+ to Fe2+ [1,38]. The anoxic conditions then
cause the Fe3+ to be reduced to Fe2+, releasing P into solution. This also indirectly implies
that by sustaining a high dissolved oxygen level in the water column, it is possible to inhibit
the release of P from the sediments and thereby obtain and sustain low phosphorus levels.
Under strong alkali conditions (pH > 9), a further increase in pH may cause increased
phosphorus release from the sediment [11]. A preceding study of the YQR found that the
pH of the water was higher than 9 (i.e., between 9.11 and 10.16) [8]. These high pH levels,
which especially arise during alga blooms in the summer season, are likely to diffuse into
the pore water of the sediment. The high concentrations of OH- will replace the adsorbed
phosphate, resulting in a release of phosphate to the pore water. The Fe–P content of the
sediment is therefore an important indicator of the potential of phosphorus release from
the sediment [36,39].

The STP concentration ranged from 3.5 to 49.5 mg/kg, with a mean value of 18.5 mg/kg.
This was lower than what is found in the catchment soil [25]. However, the PSI values
were 7–10 times higher in the sediment than in the catchment soil. This is indicating that
the sediments have much higher P sorption capacities than the catchment soil. Compared
to catchment soil, the reservoir sediments are thus more prone to adsorb P. On the other
hand, as the sediments are typically in an anaerobic state and are exposed to alkaline
pH, some of the phosphate bound to Fe3+–P in the sediments would be released to the
overlying water. DPS is an indicator to evaluate the degree of P saturation and is used to
predict the potential risk for P release, i.e., low DPS value implies a high potential risk of
P release. The DPS of sediment cores, ranging from 0.24 to 2.91%, are lower than for the
catchment soil [25]. There is therefore a greater risk of P loss from the sediments than from
the catchment soils.

3.2. Governing Factors for Adsorption and Desorption of P in the Sediments

To understand the effects of sediment texture and pools of P on P release, the correla-
tions between PSI and various explanatory factors were assessed in the four fully analyzed
sediment cores (YQ 2–5, Figure 4). STP is negatively correlated with organic matter content
(LOI), Feox and Alox, Fecdb, and Alcdb concentrations. This reflects that the cocktail of
chemicals in the Mehlich–3 extractant is not able to release the P that is bound to organic
matter, as well as Fe and Al, despite that the fluoride in the Mehlich–3 is supposed to
extract iron and aluminum phosphates. The higher content of organic matter, amorphous
iron, and aluminum oxyhydroxides in the sediments, the less is extracted as STP. The
Ca–P is positively correlated with fine sand and negatively correlated with silt. This is
indicating that the levels of Ca–P in the sediments is mainly reflected by sediment texture,
possibly because the calcium phosphate minerals are mainly present as fine–sand–sized
particles. The TP concentration is positively correlated to the amount of Al oxyhydroxides
and amorphous Fe. The risk of P release (PSI) is significantly (p < 0.01) correlated to the IP
concentration, as well as the Al and Fe concentrations. Following the discussion above, it
is worth noticing that pH is found to be significantly (p < 0.01) correlated to Fe–P concen-
tration in the sediments (Figure 4). This may be due to the fact that sediments with high
pH may have had increased desorption of phosphate from the Fe–P pool in the sediment
to the overlying water.
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Figure 4. Correlation analysis among variables in the YQ 2–5 sediment cores. * Correlation is significant at p < 0.05;
** Correlation is significant at p < 0.01.

3.3. Phosphorus Adsorption Isotherms

Sediment cores from the north of the reservoir (YQ 2), middle of reservoir (YQ 3), and
in front of the dam (YQ 5) were selected for the phosphorus isotherm adsorption analysis.
With the exception of 2016 [22], the TP in the reservoir over the past 10 years has remained
below 0.05 mg L−1 and the concentration of soluble orthophosphate has been less than
0.01 mg L−1. Now that the external point and non–point sources have been successfully
abated, the sediments are activated as an internal source of P, sustaining a high trophic
status of the water. In 2016, the annual average TP concentration of the reservoir exceeded
0.32 mg L−1, and the concentration of soluble orthophosphate exceeded 0.14 mg L−1 [22].
During this period, the sediments accumulated the detrital organic matter and adsorbed a
great amount of P from the water.

The EPC0 values decreased clearly with increasing sediment depth in YQ 3 and
YQ 4 (Figure 5), indicating that the risk of P release is lower in the deeper sediment
layers. The shift from adsorption to desorption (EPC0) occurred at SRP levels between
0.032–0.070 mg L−1 (except for YQ 2, 30–60 cm, Figure 5), with an average concentration
close to 0.05 mg L−1. That means that the phosphorus in the sediment will release as
an internal source when the SRP concentration in the water is lower than 0.05 mg L−1.
Considering the high EPC0 levels in the top 30 cm of the sediment, the sediments of YQR
have been releasing P to the water during this past decade. According to the results in YQ 3
and 5, the removal of the top 30 cm of the sediments will lower the STP concentration in the
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water to between 0.032 and 0.039 mg P L−1 (30–60 cm, Figure 5), at which the sediments
start to release STP to the water.

 
Figure 5. Phosphorus adsorption isotherms in sediment cores at two different sediment depths. Please note different scales
on the Y–axis.

3.4. Phosphorus Release Rate from Sediment Cores

The release of P from the top (0–30 cm), middle (30–60 cm), and bottom (60–90 cm) of
the sediment cores to the ambient lake water were measured by column experiments. Time
series of the P levels in the water above the sediment cores (Figure 6) show that P is released
at all three sediment depths. Rapid release was observed during the first 20 h. After 20 h,
the top sediment sustained a higher release than that of the middle and bottom core sections
at YQ 2, 3, and 5. This is likely due to the fact that the top sediment cores have a higher
content of TP and IP (Figure 3). The exception is again YQ 4, which had the highest release
at the middle depth (Figure 6). After 6 days, reflecting a long–term release, the sediments
still sustained a significant impact on the phosphorus concentration in the overlying water.
In the absence of any external source input, the 0–30 cm top sediments at the four sites were
able to maintain an elevated SRP concentration level in the overlying water, e.g., higher
than 0.05 mg L−1 at the YQ 3 (Figure 7). The middle and bottom sections of the sediment
cores maintained a lower phosphorus concentration between 0.02–0.04 mg L−1.
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Figure 6. Time series of P release rate from four sediment cores and three different sediment depths.

 

Figure 7. Boxplot for SRP concentration in ambient lake water above the sediments during the simulation of sediment
release. The edges of the boxplot represent the 75th and 25th percentiles, respectively. The solid line in the box represented
the median value. The branch gave the range of the data except for the outliers.
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4. Conclusions

The sediments in the YuQiao drinking water reservoir in Tianjin, China, have ac-
cumulated high levels of phosphorus. Now that the external anthropogenic sources of
phosphorous to the reservoir are reduced, the phosphorus release from the sediment to
the water has increased. The large pool of phosphorus in the sediments will continue to
produce a flux of P into the water body, sustaining elevated levels of SRP, causing annual
algal blooms. Alga blooms during summer may result in a rapid increase in the pH value,
enhancing the replacement effect of the large pool of adsorbed phosphate and causing
further eutrophication. Moreover, increased summer temperatures strengthen the anoxic
conditions, thereby accelerating the release of phosphorus bound to ferric iron from the
sediment. Without abatement actions specifically targeted to reduce or completely remove
this internal phosphorous source, it will not be possible to restore the water quality in the
YuQiao Reservoir to good ecological conditions. The areas in front of the dam (YQ 5), as
well as the middle of the reservoir sediment core (YQ 3), are high–risk areas of phosphorus
release that need to be given priority attention in future governance. Our study shows that
by removing the top 30 cm of the sediments, the levels of SRP in the water will be reduced
to below 0.04 mg P L−1.
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