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Abstract: The Tibetan Plateau is the “Asia Water Tower” and is pivotal for Asia and the whole world.
Groundwater is essential for sustainable development in its alpine regions, yet its chemical quality
increasingly limits its usability. The present research examines the hydrochemical characteristics and
origins of phreatic groundwater in alpine irrigation areas. The study probes the chemical signatures,
quality, and regulatory mechanisms of phreatic groundwater in a representative alpine irrigation
area of the Tibetan Plateau. The findings indicate that the phreatic groundwater maintains a slightly
alkaline and fresh status, with pH values ranging from 7.07 to 8.06 and Total Dissolved Solids (TDS)
between 300.25 and 638.38 mg/L. The hydrochemical composition of phreatic groundwater is mainly
HCO3-Ca type, with a minority of HCO3-Na·Ca types, closely mirroring the profile of river water.
Nitrogen contaminants, including NO3

−
, NO2

−, and NH4
+, exhibit considerable concentration

fluctuations within the phreatic aquifer. Approximately 9.09% of the sampled groundwaters exceed
the NO2

− threshold of 0.02 mg/L, and 28.57% surpass the NH4
+ limit of 0.2 mg/L for potable

water standards. All sampled groundwaters are below the permissible limit of NO3
− (50 mg/L).

Phreatic groundwater exhibits relatively good potability, as assessed by the entropy-weighted water
quality index (EWQI), with 95.24% of groundwaters having an EWQI value below 100. However,
the potential health risks associated with elevated NO3

− levels, rather than NO2
− and NH4

+, merit
attention when such water is consumed by minors at certain sporadic sampling locations. Phreatic
groundwater does not present sodium hazards or soil permeability damage, yet salinity hazards
require attention. The hydrochemical makeup of phreatic groundwater is primarily dictated by
rock–water interactions, such as silicate weathering and cation exchange reactions, with occasional
influences from the dissolution of evaporites and carbonates, as well as reverse cation-exchange
processes. While agricultural activities have not caused a notable rise in salinity, they are the main
contributors to nitrogen pollution in the study area’s phreatic groundwater. Agricultural-derived
nitrogen pollutants require vigilant monitoring to avert extensive deterioration of groundwater
quality and to ensure the sustainable management of groundwater resources in alpine areas.

Keywords: hydrochemistry; groundwater quality; nitrogen contamination; agricultural pollution;
alpine region
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1. Introduction

Alpine regions, namely high mountain regions, are of great importance to the whole
world as they are the source of water for almost all watersheds [1–3]. It is estimated that
about 25% of the world’s population will rely on the water resources of alpine regions
by 2050 [4,5]. Although water resources are abundant in the world’s alpine regions, the
majority of water resources are in the form of solid water (such as snow and ice) [6]
and are difficult for human society to use directly. The only water resource that is easily
accessible to humans is liquid freshwater, including surface water (river and lake water,
etc.) [7] and groundwater [8]. Meanwhile, the surface water of rivers and lakes is generally
unstable [9] and difficult to use as a sustainable water supply for the human community [10].
Groundwater is the ideal source of water for human society because it is a good buffer
against external changes [11–13]. Thus, a deep understanding of the fresh liquid water
beneath the ground surface is crucial for a sustainable water supply for human society in
alpine regions.

Groundwater availability is constrained by both water quantity and water quality.
The alpine region is usually rich in water resources due to abundant precipitation and
snow/glacier melt water, especially in the basins or valleys [14]. Thus, water quantity is not
the most dominant factor influencing the availability of groundwater in alpine regions. On
the contrary, water quality is becoming an increasingly important factor limiting ground-
water availability [15]. Naturally, groundwater quality in alpine regions is determined
by many geogenic toxic elements (such as fluoride and arsenic) [16,17] or potential high
salinity [18,19]. In addition, climate change is the most important global concern in all
aspects, including the hydrosphere and related spheres [20–24]. The alpine zone is experi-
encing significant warming and increased humidity, which directly affects groundwater
quality and the hydrological cycle [18,24–27]. The melting of glaciers and the degradation
of permafrost have resulted in enhanced weathering and dissolution of minerals within
mountainous regions and permafrost layers. Consequently, the hydraulic connectivity
among various water bodies has been progressively augmented [28–30]. Numerous studies
have demonstrated that the hydrological cycle’s mechanisms have become increasingly
complex due to these influences, leading to alterations in the hydrochemical characteristics
and the patterns of hydrochemical quality within groundwater systems [28,31,32].

Furthermore, amidst rapid socio-economic development and population expansion,
human activities have emerged as a significant factor affecting water ecosystems [15]. It has
been documented that anthropogenic substances are present in numerous aquifers glob-
ally [33–36]. Groundwater contamination by toxic substances is an escalating environmental
concern due to their potential detrimental effects on human health and aquatic ecosys-
tems [37–39]. Agricultural and livestock activities in the alpine zone have experienced
notable expansion [40]. The excessive application of chemical fertilizers and pesticides, cou-
pled with pollutants from livestock and poultry farming, may pose a significant risk to the
chemical integrity of groundwater [41–43]. Considering the dual pressures from dramatic
shifts in the natural environment and human activities, it is imperative to focus on the
hydrochemical characteristics and their formation mechanisms, as well as the sustainability
of groundwater resources in alpine areas.

The Tibetan Plateau, often referred to as the “Asia Water Tower”, is a pivotal area for
ecological security and water resource management in Asia. As a quintessential alpine
region, it exhibits heightened sensitivity to environmental fluctuations [44]. The current
study examines the Tongde Basin in the northeastern Tibetan Plateau as a case study to elu-
cidate the hydrochemical formation patterns and the availability of groundwater resources
in the basin’s eastern sector, an area characterized by relatively intensive agricultural and
livestock activities. Specifically, the study aims to (1) delineate the hydrochemical character-
istics of groundwater; (2) uncover the mechanisms behind groundwater’s hydrochemical
formation; and (3) assess the overall water quality of groundwater, including its suitability
for sustainable potable and irrigation usages. This research is poised to offer scientific
guidance on hydrochemical aspects, thereby enhancing water ecosystem security and
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ensuring water use sustainability in the alpine region of the Tibetan Plateau and other
similar regions worldwide.

2. Materials and Methods
2.1. Study Area Description

The study area, situated in the central region of the Tongde Basin on the northeastern
Tibetan Plateau, is defined by longitudes from 100◦43′22.79′′ E to 101◦5′16.80′′ E and lati-
tudes from 35◦6′7.21′′ N to 35◦21′14.43′′ N, encompassing an area of 929.46 km2 (Figure 1).
The topography of the study area is characterized by higher elevations in the southeast
and lower elevations in the northwest. The northwestern flank of the study area is typi-
fied by a piedmont sloping plain and a valley belt plain, whereas the southeastern side
is predominantly composed of tectonically uplifted mid- to high-altitude mountainous
terrain. The region’s elevation varies between 3219 m and 4057 m above sea level. The
hydrological system of the study area is predominantly composed of three rivers. The Baqv
River, one of these, courses from east to west across the northern plain. The Cihawuqv
River and the Ningxiuqv River, which are tributaries of the Baqv River, originate from the
southern mountainous region, flow towards the northern plain, and eventually converge
with the Ba River. These rivers bring the surface water of mountainous areas to the plain
and recharge aquifers through infiltration in the piedmont. The study area is characterized
by a continental plateau climate, with extended winters and abbreviated summers, frequent
winds, and scant precipitation. The annual mean temperature fluctuates between −0.77 ◦C
and 1.69 ◦C, presenting generally low temperatures. Annual precipitation varies between
544 mm and 837 mm, with a mean of 688 mm. Over 80% of the annual rainfall occurs
from May through September. This region has a potential evaporation rate of 790 mm,
demonstrating a minimal disparity with precipitation.
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Figure 1. Spatial location of (a) the Tongde Basin on the Tibetan Plateau, (b) study area in Tongde
Basin, and (c) the sampling sites of surface water and groundwater.

Geologically, the Quaternary sediments are predominantly found in the piedmont
sloping plain and valley belt plain of the northwestern part of the study area. These
sediments primarily consist of alluvial deposits and constitute the principal aquifer system
within the region. From the southeast to the northwest, the aquifer type transitions from
unconfined to confined. Groundwater migrates from the southeastern piedmont towards
the northwestern valley, subsequently veering westward (Figure 1c). The aquifer exhibits a
substantial variability in well yields, with individual wells producing less than 100 m3/d
to 5000 m3/d, and as one moves closer to the river valley from both sides of the river, the
yield gradually increases. The mid- to high-altitude mountainous strata in the southeastern
part of the study area are predominantly composed of Triassic sandstone, and the aquifer
type is predominantly characterized as a bedrock fracture system.
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Groundwater in the study area primarily originates from the infiltration of atmospheric
precipitation and the seasonal melt of snow. Its genesis, occurrence, and distribution are
collectively influenced by a suite of interrelated factors. In comparison to surface water,
groundwater typically exhibits superior water quality. The higher yields of individual
wells and the shallower depth of groundwater in the river valley area facilitate easy
extraction of this resource. For the irrigation area, groundwater serves as the principal
source of water supply. It is not only indispensable for agricultural and pastoral production
but also serves as a vital resource for sustaining the livelihoods of the local population.
Consequently, it is essential to assess the water quality of groundwater and comprehend
its formation mechanisms to establish a scientific foundation for the conservation of local
groundwater resources.

2.2. Water Sampling and Physicochemical Analyses

A total of 27 water samples were collected across the study area in October 2023.
Among them, 21 samples are groundwater, while 6 are river water. Among the groundwater
samples, four were spring water samples, all of which were collected from the ground
surface. The remaining groundwater samples were from phreatic aquifers, with sampling
depths ranging from 10 to 30 m. All water samples were evenly distributed throughout
the entire study area and had strong representativeness. Except for the spring water
samples, all samples were pumped for more than 15 min before collection. The impact
of accumulated water in the boreholes/wells on the samples was eliminated. The in situ
physicochemical parameters, such as the pH value and electrical conductivity (EC), of the
samples were measured on site. The sampling operation was carried out after all in situ
physicochemical parameters were stable. The water samples were collected in 500 mL
high-density polyethylene bottles after the target water was rinsed 2–3 times. Duplicate
sampling was performed at each site to mitigate the risk of potential sampling errors. The
samples were sent to the laboratory for hydrochemical analysis within 48 h under a storage
temperature of 4 ◦C.

The on-site measurement device for in situ physicochemical parameters was a portable
multi-parameter device (HACH HQ4D, Loveland, CO, USA). The main cations were
determined using an inductively coupled plasma mass spectrometer (Agilent 7500ce ICP-
MS, Tokyo, Japan). The main anions and NH4

+ were determined using ion chromatography
(Shimadzu LC-10ADVP, Kyoto, Japan). HCO3

− and TDS were determined using acid–base
titration and gravimetric methods, respectively. All samples were tested three times and
interspersed with standard controls and blank controls to ensure the accuracy of the test
results. The ion charge balance errors of the test results were all within 5, indicating that
the test results were reliable.

2.3. Entropy-Weighted Water Quality Index

The entropy-weighted water quality index (EWQI) is an advanced water quality
assessment based on the traditional water quality index [45]. This approach introduces
the concept of entropy to avoid the influence of human subjectivity to the greatest extent
and assigns corresponding weights to each hydrochemical indicator [46,47]. Generally, the
evaluation of EWQI goes through the following four steps.

Firstly, the initial eigenvalue matrix X for the hydrochemical indicators of water
samples is established. The formula for matrix X is as follows:

X =


x11 x12 · · · x1n
x21 x22 · · · x2n

...
...

. . .
...

xm1 xm2 · · · xmn

 (1)

where xmn represents the concentration of the nth hydrochemical index of the mth water sample.
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Secondly, due to the difference in the dimensions of different hydrochemical indicators,
the matrix X is normalized to obtain the standardized matrix Y. The normalization method
and the matrix Y are shown in Formulas (2) and (3), respectively.

yij =
xij − min

(
xij

)
max

(
xij

)
− min

(
xij

) (2)

Y =


y11 y12 · · · y1n
y21 y22 · · · y2n

...
...

. . .
...

ym1 ym2 · · · ymn

 (3)

where ymn represents the result of normalized xmn.
Next, the entropy weighting method is used to allocate weights to each hydrochemical

indicator, which would make the results more formal and objective. The allocation criteria
are based on the following formulas:

pij =
yij

∑m
i=1 yij

(4)

ej = − 1
ln m

m

∑
i=1

pij ln
(

pij
)

(5)

ωj =
1 − ej

∑n
j=1

(
1 − ej

) (6)

where pij represents the proportion of the ith sample in the jth hydrochemical parameter;
ej is the information entropy of each hydrochemical parameter; ωj represents the entropy
weight of each hydrochemical parameter.

Finally, using Formulas (7) and (8), the quantitative grading qi of each water sample is
determined and combined with ωj to obtain the EWQI of each water sample.

qij =
xij

Sj
× 100 (7)

EWQI =
n

∑
j=1

ωjqij (8)

where xij is the measured value of the jth hydrochemical parameter of the ith water sample;
Sj is the acceptable limit value of the hydrochemical index j recommended by the World
Health Organization or Chinese guideline.

2.4. Human Health Risk Assessment

Excessive amounts of a certain toxic ion in drinking water can potentially harm peo-
ple’s health. For different populations, the tolerance to toxic substances usually varies [48].
For non-carcinogenic ions, the health risks of ingestion usually dominate. Therefore, this
article focuses on assessing the health risks of oral contact [49].

Firstly, the calculation method for the estimated daily intake (EDI) of toxic elements is
based on Formula (9).

CDI =
Ci × IR × EF × ED

BW × AT
(9)

where Ci is the concentration of different toxic ions; IR is the daily water intake; EF and ED
represent the exposure frequency and exposure duration, respectively; BW refers to the
average weight of different populations; AT is the average time of exposure occurrence.
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Afterwards, the non-carcinogenic risk (HQ) for specific toxic substances is calculated
using Formula (10).

HQi =
CDI
R f Di

(10)

where RfD is the reference value corresponding to the intake dose of a specific pollutant.
The overall non-carcinogenic risk (HI) is the sum of the non-carcinogenic risks caused by
all toxic substances, and the calculation formula is:

HI =
n

∑
i=1

HQi (11)

2.5. Irrigation Water Quality Assessment

Irrigation water for agriculture is one of the main ways groundwater is consumed
in the study area. Unsuitable groundwater can cause crop reduction and even damage
soil functions [50]. The assessment of the irrigation adaptability of groundwater has
significance for local agricultural development. The irrigation water quality index (IWQI)
can objectively evaluate the quality of agricultural water through multiple parameters [51].
For this research, considering the actual situation of the study area, the sodium adsorption
ratio (SAR), soluble sodium percentage (%Na), and permeability index (PI) are selected to
evaluate the irrigation adaptability of groundwater [52].

SAR measures the cation exchange that occurs in the soil due to irrigation water. It
reflects the degree of Na+ adsorption in the soil. The larger the SAR value, the higher the
Na+ content in the soil and the stronger the soil alkalization [53]. The calculation for SAR is
shown in Formula (12).

SAR =
Na+√

Mg2++Ca2+

2

× 100% (12)

%Na is an important indicator reflecting the potential Na hazard in irrigation water. It
reflects the proportion of Na+ in the cations of irrigation water. Higher Na+ can damage
soil structure and reduce its permeability [49]. The calculation for %Na is shown in
Formula (13).

%Na =
Na+ + K+

Na+ + K+ + Mg2+ + Ca2+ × 100% (13)

PI is another important indicator reflecting irrigation adaptability. It is used to reflect
the impact of Na+, HCO3

−, Ca2+, and Mg2+ in irrigation water on soil permeability. The
calculation for PI is shown in Formula (14).

PI =
Na+ +

√
HCO3

−

Ca2+ + Mg2+ + Na+
× 100% (14)

3. Results and Discussion
3.1. General Hydrochemical Characteristics

To preliminarily realize the overall hydrochemical characteristics of surface water and
groundwater in the study area, the physicochemical data of collected river waters and
groundwaters are summarily presented in Tables 1 and 2. The corresponding drinking
guidelines of various indexes recommended by the Chinese Guideline [54] and World
Health Organization [55] are also included in the Tables for comparison.

The pH value of collected river waters was 7.76–7.97 with a mean of 7.85, and that
of collected groundwaters was 7.07–8.06 with an average of 7.70. Both river water and
groundwater in the study area had pH values slightly greater than 7, demonstrating a
neutral to a little alkaline nature. River water and groundwater TDS was in the range
of 297.39–368.57 mg/L (averaging 328.90 mg/L) and 300.25–638.38 mg/L (averaging
399.86 mg/L), respectively. Notably, groundwater had a higher TDS value than river water
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in the study area, although both had relatively low TDS. This may be related to the relatively
long residence time of groundwater in the aquifer, which could provide more than enough
time for groundwater to react with the deposits. Both the slightly alkaline nature and the
very fresh characteristic of river water and groundwater imply that water in the study
area—regardless if it is above or beneath the ground surface—has relatively good quality
and keeps a natural, or approximately natural, status.

Table 1. Summary of river water physicochemical indexes in the study area and corresponding
drinking water standard.

Index Unit Min Max Mean SD * Guideline % of the Sample Exceeding
the Guideline

pH / 7.76 7.97 7.85 0.09 6.5–8.5 ** 0%
TDS mg/L 297.39 368.57 328.90 27.47 1000 ** 0%
K+ mg/L 2.07 2.49 2.26 0.21 /

Na+ mg/L 9.41 36.05 22.54 8.95 200 ** 0%
Ca2+ mg/L 38.08 102.20 71.48 24.82 75 *** 50%
Mg2+ mg/L 9.72 46.17 21.67 14.93 50 *** 0%
Cl− mg/L 10.64 39.00 18.91 10.44 250 ** 0%

SO4
2− mg/L 14.41 57.64 36.02 18.91 250 ** 0%

HCO3
− mg/L 262.39 341.71 302.05 30.81 /

NO3
− mg/L 8.46 17.23 12.58 3.85 50.0 *** 0%

NO2
− mg/L 0.00 0.00 0.00 0.00 0.02 ** 0%

NH4
+ mg/L 0.08 0.24 0.16 0.08 0.2 ** 33.33%

* Standard deviation; ** Chinese Guideline [54]; *** WHO Guideline [55].

Table 2. Summary of groundwater physicochemical indexes in the study area and corresponding
drinking water standard.

Index Unit Min Max Mean SD * Guideline % of the Sample Exceeding
the Guideline

pH / 7.07 8.06 7.70 0.25 6.5–8.5 ** 0%
TDS mg/L 300.25 638.38 399.86 90.01 1000 ** 0%
K+ mg/L 0.56 54.36 5.99 11.55 /

Na+ mg/L 7.62 117.10 40.28 29.30 200 ** 0%
Ca2+ mg/L 48.1 112.22 76.82 21.28 75 *** 42.86%
Mg2+ mg/L 8.51 49.82 22.68 10.73 50 *** 0%
Cl− mg/L 10.64 106.35 35.28 28.44 250 ** 0%

SO4
2− mg/L 9.61 220.94 44.83 44.73 250 ** 0%

HCO3
− mg/L 250.18 524.77 336.77 62.99 /

NO3
− mg/L 3.58 42.86 16.09 8.80 50.0 *** 0%

NO2
− mg/L 0.00 0.08 0.01 0.02 0.02 ** 9.09%

NH4
+ mg/L 0.06 1.42 0.22 0.29 0.2 ** 28.57%

* Standard deviation; ** Chinese Guideline [54]; *** WHO Guideline [55].

Among the major cations, Ca2+ is the predominant ion for river water, with a concen-
tration in the range of 38.08–102.20 mg/L, followed by Mg2+, Na+, and K+. The sampled
river water in the study area had Mg2+, Na+, and K+ concentrations in the ranges of
9.72–46.17 mg/L, 9.41–36.05 mg/L, and 2.07–2.49 mg/L, respectively. The concentration
of major anions in river water was in the order of HCO3

− > SO4
2− > Cl−; the concentra-

tion of HCO3
− (262.39–341.71 mg/L) is far greater than that of SO4

2− (14.41–57.64 mg/L)
and Cl− (10.64–39.00 mg/L). Ca2+ is the predominant ion among the major cations of
groundwater and ranges from 48.10 mg/L to 112.22 mg/L (mean of 76.82 mg/L). The
second most predominant cation for groundwater is distinct from river water. Na+ ranks
second among the major cations of groundwater, with the concentration varying between
7.62 mg/L and 117.10 mg/L (mean of 40.28 mg/L). Mg2+ and K+ rank third and fourth
among the major cations of groundwater, respectively, with concentrations in the ranges of
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8.51–49.82 mg/L (mean of 22.68 mg/L) and 0.56–54.36 mg/L (mean of 5.99 mg/L). The
major anions of groundwater present the same concentration order as river water, i.e.,
HCO3

− > SO4
2− > Cl−. The collected groundwaters in the study area have a HCO3

− con-
centration ranging from 250.18 mg/L to 524.77 mg/L. SO4

2− concentration varies from 9.61
to 220.94 mg/L, with a mean of 44.83 mg/L. Cl− is in the range of 10.64–106.35 mg/L, with
an average of 35.28 mg/L. All the major ions (including cations and anions) of river water
and groundwater were within the drinking water standards except Ca2+ (Tables 1 and 2).
About 50.00% and 42.86% of sampled river waters and groundwaters were above the
standard of 75 mg/L recommended by WHO for drinking purposes [55]. However, they
only slightly exceeded the recommended drinking standard of Ca2+.

Nitrogen contaminants (including NO3
−, NO2

−, NH4
+) were also detected in this

research. The concentrations of NO3
− were in the range of 8.46–17.23 mg/L for river

water and 3.58–42.86 mg/L for groundwater, respectively, with a mean of 12.58 mg/L and
16.09 mg/L. All sampled waters—regardless of whether they were above or below the
ground surface—were within the NO3

− the drinking standard concentration recommended
by WHO (below 50 mg/L) [55]. The concentration of NO2

− was very low for river water
and within the drinking standard of 0.02 mg/L given by the Chinese Guideline [54].
Groundwater in the study area had higher NO2

− concentrations than river water, with a
maximum of 0.08 mg/L. Approximately 9.09% of the collected groundwater samples had
NO2

− concentrations beyond the drinking standard of 0.02 mg/L. The concentration of
NH4

+ varied from 0.08 mg/L to 0.24 mg/L, with an average of 0.16 mg/L for river water
and between 0.06 mg/L and 1.42 mg/L, with an average of 0.22 mg/L for groundwater.
Both river water and groundwater had NH4

+ contents exceeding the recommendations by
the Chinese Guideline [54] in some sampling locations (accounting for 33.33% and 28.57%
of sampling sites for river water and groundwater, respectively).

3.2. Hydrochemical Types

The hydrochemical types of surface (river) water and groundwater in the present
study area were visually identified based on the Piper trilinear diagram. The Piper trilinear
diagram is composed of three sub-diagrams, including two triangles below and one dia-
mond above. The two triangles below were used to demonstrate the major cation (Na++K+,
Mg2+, Ca2+) and ion (Cl−, SO4

2−, HCO3
−) compositions, respectively. The diamond above

is used to synthetically illustrate the hydrochemical types of water.
As demonstrated in Figure 2, the collected river waters dominantly plotted in A and

B of the left triangle, demonstrating that Ca2+ was the predominant cation, followed by
Mg2+. For groundwater, it can be seen that although most of the collected groundwater
samples were situated in A, many present a distributing trend towards C dominance, with
some directly plotting in C. Some sporadic groundwater samples were situated in the
boundary area of B dominance. All of the above suggests that Ca2+ is an overwhelmingly
dominant cation in the unconfined aqueous environment, followed by Na2+ and Mg2+. This
is consistent with the above cation orders based on the average concentration. Overall, the
surface water and groundwater in the study area were mainly characterized as [Ca2+] type.

For anions, it can be seen that all collected river water samples were situated in the
left corner of D. dominance in the right triangle (Figure 2), implying that river water in
the study area is dominated by HCO3

−. Groundwater samples were also all situated in D,
suggesting that HCO3

− is the predominant anion for groundwater. Notably, groundwater
samples also showed a trend from the left corner to the upper and right direction of D,
indicating that the groundwater is much saltier than river water. As a whole, river water
and groundwater in the study area were characterized as [HCO3

−] type.
For the synthetical chemical feature, all river waters were situated in the left corner

of dominance 1 of the diamond, indicating that river waters in the study area are very
fresh in nature. The collected groundwaters were also dominantly in the 1 of the diamond
but showed a distributing trend from the left corner to the right direction with one even
in the 3. This indicates that groundwater has saltier hydrochemical features than river
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water. Overall, river waters were characterized by hydrochemical type HCO3-Ca, and
groundwaters were hydrochemical type HCO3-Ca and HCO3-Na·Ca.
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3.3. Formation of Groundwater Chemistry

Natural factors form the basis of the hydrochemical composition of groundwater.
In general, the major natural mechanisms potentially governing the hydrochemical com-
position of groundwater are precipitation, rock–water interactions, and evaporation [56].
“Precipitation” represents the hydrochemical feature of recharge water, which is usually
atmospheric water. “Rock–water interactions” signifies all the processes that occur between
aquifer media and groundwater from the moment water infiltrates the aquifer until it is
extracted or moves on. “Evaporation” refers to the evaporation effects on groundwater,
primarily affecting phreatic groundwater that is located at shallow depths. These three
major natural mechanisms can be revealed by the relationship of the Na+/(Na++Ca2+) ratio
versus TDS and Cl−/(Cl−+HCO3

−) versus the TDS ratio [57].
As depicted in Figure 3, all groundwater samples collected from the phreatic aquifers

plotted in the rock dominance, indicating that the hydrochemical composition of phreatic
groundwater is predominantly controlled by rock–water interactions in nature. No ground-
water samples situated in the precipitation dominance, implying that no sampled phreatic
groundwater retained the hydrochemical composition of recharge water. This is because the
groundwater flows very slowly, giving it enough time to react with the aquifer media. In
addition, the collected phreatic groundwaters were not in the evaporation dominance, sug-
gesting that evaporation effects are also not significant to the hydrochemical composition
of phreatic groundwater in the study area.

To further reveal the specifics of the rock–water interaction, the relationships between
the Ca2+/Na+ ratio and Mg2+/Na+ ratio and between the Ca2+/Na+ ratio and HCO3

−/Na+

ratio were explored. Three major rock/mineral types can be identified by these two re-
lations, including carbonates, silicates, and evaporites. As demonstrated in Figure 4, the
collected phreatic groundwater samples were dominantly situated in or around the silicate
dominance, indicating that silicate weathering (Formula (15)) is the dominant process
contributing to the chemical constituents of phreatic groundwater in the study area. Mean-
while, phreatic groundwater in some sporadic sites is also observed distributing towards
the evaporite and carbonate dominance, suggesting that the dissolution of evaporites and
carbonates can also contribute chemical constituents to groundwater to some degree.
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2NaAlSi3O8 + 2CO2 + 11H2O → Al2Si2O5
(
OH)4 + 4H4SiO4 + 2Na+ + 2HCO3

− (15)
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−/Na+ illustrating the minerals contributing to groundwater chemistry.

Besides the aforementioned rock weathering and mineral dissolution, ion exchange
is also a non-negligible process that occurs in the aquifer, particularly in fine sedimentary
aquifers. The chlor-alkali index (CA1-1 and CAI-2) is introduced to gain insights into
potential ion exchange processes, which can be calculated by Formulas (16) and (17). As
shown in Figure 5a, most of the collected samples have negative values for both CA1-1
and CAI-2, implying the occurrence of the cation-exchange reaction (Formula (18)) in
the aquifer. Meanwhile, three samples had positive values for both CA1-1 and CAI-2,
indicating existing reverse cation-exchange reactions (Formula (19)) in the aquifer of these
sporadic sites. The relation between (Na++K+-Cl−) and (Ca2++Mg2+-HCO3

−-SO4
2−) is also

introduced to verify these ion exchange processes. As depicted in Figure 5b, it is confirmed
that the cation-exchange reaction is the dominant ion-exchange process in the phreatic
aquifers, and the reverse cation-exchange reaction also occurred at some sporadic sites.

CAI − 1 =
Cl− −

(
Na+ + K+

)
Cl−

(16)

CAI − 2 =
Cl− −

(
Na+ + K+

)
HCO3

− + SO4
2− + CO3

2− + NO3
− (17)
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2Na+ + CaX2 (or MgX2) (solids) → Ca2+
(

or Mg2+
)
+ 2NaX (solids) (18)

Ca2+
(

or Mg2+
)
+ 2NaX (solids) → 2Na+ + CaX2 (or MgX2) (solids) (19)
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Although all sampled groundwater had NO3
− concentrations below the drinking

standard of 50 mg/L recommended by WHO [55], most groundwater samples exceeded
the geological background limit of 10 mg/L [58] (Figure 6a). This implies that phreatic
groundwater in the study area has been influenced by human activities in its hydrochemical
composition, especially nitrite. The relation of the Cl−/Na+ ratio versus NO3

−/Na+ ratio
was employed to gain insights into the specific source of the nitrate pollutant. As depicted
in Figure 6b, the sampled groundwaters dominantly plotted adjacent to agricultural activi-
ties, implying that NO3

− in phreatic groundwater primarily originates from agricultural
practices. It can be concluded that agricultural practices have led to widespread inputs of
nitrogen pollutants to phreatic aquifers, although the level of pollution is still relatively low.
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Figure 6. Scatter plots of (a) TDS versus NO3
− and (b) Cl−/Na+ versus NO3

−/Na+ of groundwater
in the study area.

The Pearson correlation coefficients are introduced to gain insights into the influence
of agricultural practices on groundwater chemical composition besides NO3

−. As shown
in Table 1, the groundwater at some sampling sites had a relatively high content of NH4

+,
and approximately 33.33% of samples exceeded the permissible limit recommended by the
Chinese Guideline [54]. Considering the potential contamination sources in the study area,
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these exceeding NH4
+ contaminants originated from chemical fertilizers of agricultural

practices. In addition, some hydrochemical indicators such as Cl−, Na+, K+, and TDS
presented a positive relation with NH4

+ (Figure 7), indicating that agricultural practices
also brought chemical solutes into phreatic groundwaters, especially Cl−, Na+, and K+.
Although agricultural practices introduce some solutes (including nitrogen contaminants
and chemical solutes) and increase the salinity of groundwater, to some extent, the pertur-
bations are relatively limited for the overall framework of groundwater hydrochemistry
(Figure 7).
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3.4. Groundwater Quality Evaluation
3.4.1. Drinking Water Quality

Groundwater is widely used as drinking water in alpine areas like the present study
area. The chemical quality suitability of groundwater for drinking purposes was evaluated
using the EWQI approach. The results show that the phreatic groundwater in the study area
had a relatively large range of EWQI values from 25.7 to 159.9 (Figure 8), suggesting that
phreatic groundwater in the present area has a wide variation of hydrochemical quality. As
demonstrated in Figure 8, most of the collected phreatic groundwater samples (95.24%) had
EWQI values below 100, suggesting it is suitable for direct drinking purposes. Particularly,
about 80.95% of the sampled groundwaters had EWQI values below 50, belonging to the
excellent water quality rank (rank 1). Only one groundwater sample (4.76%) had an EWQI
value beyond 100 and reached 159.88, which is characterized by a poor water quality rank
(rank 4). Phreatic groundwater in this sampling site (G09) should be avoided for direct
drinking. The main reason for the poor quality of phreatic groundwater at sampling site
G09 is the relatively high content of NH4

+, originating from agricultural activities.
In addition to the overall quality revealed by the EWQI assessment, the potential

health hazards of toxic substances, including NH4
+, NO2

−, and NO3
−, were assessed using

the HHRA model. The HQ values of NH4
+ and NO2

− in phreatic groundwater were all
below 1 for all sampling sites (Figure 9a,b), implying that these two nitrogen pollutants
would not pose significant health hazards to water consumers through the oral pathway.
Meanwhile, the HQ values of NO3− showed a relatively large variation for all population
groups. The HQNO3 values range from 0.08 to 1.02 for adult males, between 0.09 and 1.08
for adult females, from 0.09 to 1.10 for children, and between 0.16 and 1.87 for infants
(Figure 9c). Only one sampling site (G10) had HQNO3 values exceeding the permissible
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limit of 1 for adult male, adult female, and children, with maximum values of 1.02, 1.08,
and 1.10, respectively. Four sampling sites were identified with HQNO3 values exceeding
the permissible limit of 1 in infants, G01, G06, G10, and G11, with respective HQNO3 values
of 1.03, 1.08, 1.87, and 1.22.
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The HI values are in the range of 0.11–1.02 for adult males, 0.11–1.08 for adult fe-
males, 0.11–1.10 for children, and 0.20–1.88 for infants, with an average of 0.39, 0.42, 0.42,
and 0.72, respectively (Figure 9d). Approximately 4.76%, 4.76%, 4.76%, and 19.05% of
collected groundwater samples had HI values beyond the permissible limit of 1 for the
aforementioned four population groups, indicating potential health risk. As discussed
above, the HQ values of NH4

+ and NO2
− for all populations were very small, while those

of NO3
− were larger in variation. Thus, the overall health risks are primarily posed by

the nitrate pollutant phreatic in groundwater. However, phreatic groundwaters at most
sampling sites had HI values below the safe limit of 1, indicating a low and negligible
risk. The only groundwater sample (G10) with potential health risks for adult males and
females (HI value just slightly beyond the permissible limit of 1) had values of 1.02 and
1.08, respectively. This suggests that the potential health risk of groundwater at sampling
site G10 is very limited for adults. Although four sampling sites had HI values exceeding
the permissible limit of 1 for infants, two were just slightly beyond 1. Only two sampling
sites had relatively large HI values, with 1.88 for G10 and 1.23 for G11. For children, the
only sampling site with a potential health risk was with an HI value of 1.10. Therefore,
approximately 4.76% (1 sampling site, G10) and 9.52% (2 sampling sites, G10 and G11) had
slightly significant health risks for water consumption in children and infants, respectively.

3.4.2. Irrigation Water Quality

Groundwater, especially in the phreatic aquifers, is primarily utilized for agricultural
irrigation in alpine areas. The suitability of water quality for irrigation depends on the
content of hydrochemical ions in water and how they affect the soils and plants [59]. EC is
a comprehensive parameter demonstrating the overall content of chemical ions in water.
Generally, water with EC values less than 250 µS/cm and in the range of 250–750 µS/cm is
regarded as excellent and good quality, respectively, and suitable for irrigation. Water with
EC values in the range of 750–2250 µS/cm is considered a doubtful quality for irrigation,
and that beyond 2250 µS/cm is unsuitable for irrigation. As demonstrated in Table 3, the
EC values of phreatic groundwater samples vary from 509.73 µS/cm to 944.06 µS/cm,
averaging at 670.22 µS/cm. Approximately 76.19% of sampled phreatic groundwaters had
EC values in the range of 250–750 µS/cm, implying they are good for irrigation. Meanwhile,
about 23.81% of the samples had EC values in the range of 750-2250 µS/cm, belonging to
the doubtful quality category.

Table 3. Assessment results of groundwater quality for irrigation in the study area.

Index Unit Range Class Percentage

EC µS/cm

<250 Excellent /
250–750 Good 76.19%

750–2250 Doubtful 23.81%
>2250 Unsuitable /

SAR meq/L

<10 Excellent 100%
10–8 Good /
18–26 Doubtful /
>26 Unsuitable /

%Na %

<20 Excellent 52.38%
20–40 Good 38.10%
40–60 Permissible 9.52%
60–80 Doubtful /
>80 Unsuitable /

PI %
<25 Unsuitable /

25–75 Moderately suitable 95.24%
>75 Suitable 4.76%
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The excessive Na+ in irrigation water compared with ions of Mg2+ and Ca2+ would
damage the permeability of the soil, which can be assessed by the SAR. The calculated
results show that the SAR values of sampled phreatic groundwaters in the study area range
between 0.19 and 3.34 and are all below 10, indicating excellent quality (Table 3). The Wilcox
diagram is introduced to assess the potential overall hazards for agricultural irrigation.
It can be seen from Figure 10 that about 76.19% and 23.81% of the collected phreatic
groundwater samples belong to the C2S1 and C3S1 categories, respectively, indicating
medium and high salinity hazards but a low sodium hazard for all. It can be seen that
most of the study area has groundwater of medium salinity hazard and low sodium
hazard (C2S1) rather than high salinity hazard and low sodium hazard (C3S1) (Figure 11a).
Groundwaters with high salinity hazards and low sodium hazards (C3S1) are scattered
throughout the research area (Figure 11a).
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The %Na was further used to assess the potential effect of Na+ on soil permeability.
As seen in the calculated results, it ranges from 5.26 to 50.76, with a mean of 21.47. It
can be seen from Table 3 that about 52.38% of the samples are divided into the excellent
quality category for irrigation in terms of %Na. Approximately 38.10% and 9.52% of the
groundwater samples belong to the good and permissible irrigation quality, respectively.
In addition, the USSL diagram, which considers the EC and %Na at the same time, is
introduced to evaluate the integrated irrigation quality of phreatic groundwater. As shown
in Figure 12, the majority (76.19%) of collected groundwater samples are situated in the
category of excellent to good quality, and the rest of the samples (23.81%) belong to the
category of good to permissible quality. Thus, all phreatic groundwaters are suitable for
irrigation in terms of the %Na. The distribution of groundwater quality classified by the
USSL diagram (Figure 11b) is similar to that classified by the Wilcox diagram (Figure 11a).
Most of the study area’s groundwater quality is excellent to good. Groundwaters with
good to permissible quality are scattered throughout the research area (Figure 11b).
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in the study area.

The PI value is employed to gain insights into the potential effects of dissolved chemi-
cal ions in irrigation water on soil. The calculated PI values are in the range of 39.51–75.59,
with a mean of 53.82. Approximately 95.24% and 4.76% of phreatic groundwater sam-
ples belong to the moderately suitable and suitable categories for irrigation in terms of
PI assessment results (Table 3). An integrated diagram constructed by PI and the total
concentration of chemical ions is employed. As depicted in Figure 13, about 42.86% of
sampled groundwaters are situated in the Class-I category, indicating good quality for
irrigation in terms of permeability. Other samples (57.14%) belong to the Class-II category,
demonstrating suitable quality for irrigation purposes. Thus, there is no potential threat to
soil permeability when using phreatic groundwater for irrigation in terms of the assessment
of PI. Groundwaters that have the irrigation quality of Class-I are mainly distributed away
from the river channel, and groundwaters adjacent to rivers are irrigation quality Class-II
(Figure 11c).

Overall, phreatic groundwater in the study area is of relatively good quality for
irrigation purposes and would not pose a sodium hazard or cause potential permeability
damage to soil. Although groundwater at most sampling sites (76.19%) is suitable for
irrigation, a small portion of sampling sites (23.81%) have a potential salinity hazard for
the phreatic groundwater and should be considered during the long-term sustainable
irrigation practice.



Sustainability 2024, 16, 9229 17 of 21

Sustainability 2024, 16, x FOR PEER REVIEW 18 of 23 
 

of the study area’s groundwater quality is excellent to good. Groundwaters with good to 
permissible quality are scattered throughout the research area (Figure 11b).  

 
Figure 12. USSL diagram contracted by the relation between EC and sodium percent of groundwater 
in the study area. 

The PI value is employed to gain insights into the potential effects of dissolved chem-
ical ions in irrigation water on soil. The calculated PI values are in the range of 39.51–75.59, 
with a mean of 53.82. Approximately 95.24% and 4.76% of phreatic groundwater samples 
belong to the moderately suitable and suitable categories for irrigation in terms of PI as-
sessment results (Table 3). An integrated diagram constructed by PI and the total concen-
tration of chemical ions is employed. As depicted in Figure 13, about 42.86% of sampled 
groundwaters are situated in the Class-I category, indicating good quality for irrigation in 
terms of permeability. Other samples (57.14%) belong to the Class-II category, demon-
strating suitable quality for irrigation purposes. Thus, there is no potential threat to soil 
permeability when using phreatic groundwater for irrigation in terms of the assessment 
of PI. Groundwaters that have the irrigation quality of Class-I are mainly distributed away 
from the river channel, and groundwaters adjacent to rivers are irrigation quality Class-II 
(Figure 11c). 

 
Figure 13. Doneen diagram illustrating the relation between permeability index and total concen-
tration of groundwater in the study area. 
Figure 13. Doneen diagram illustrating the relation between permeability index and total concentra-
tion of groundwater in the study area.

3.5. Implication for Sustainable Development of Groundwater Resources in Alpine Regions

Groundwater in alpine regions is significant for the local development and the water
circulation of the hydrosphere as it is in the headwater region. At the same time, it is
vulnerable to external disturbances, including global climate change and human activities.
Generally, groundwater in the alpine regions is of a natural status, which is usually of good
quality. However, with the strengthening of human activities and the intensification of
climate change, groundwater resources are facing unprecedented challenges. The present
research takes a typical irrigation alpine region of the Tibetan Plateau to gain insights into
the hydrochemical status, quality, and formation of groundwater in alpine regions with
dense human irrigation practices.

Phreatic groundwater in present irrigation alpine regions retains the natural, slightly
alkaline, and fresh features but is slightly saltier than recharged river water. All forms of
nitrogen contaminants (NO3

−, NO2
−, and NH4

+) had higher concentrations in phreatic
groundwater than in river water and originated from agricultural practices like chemical
fertilizer application. This demonstrates that phreatic groundwater in the present alpine
plain has deteriorated by agricultural practices [60,61]. Thus, agricultural contaminants
should be considered and managed. It is recommended to transition from chemical fer-
tilizers to organic alternatives, such as animal manure, for their eco-friendly benefits and
sustainable environmental development.

Groundwater quality has been influenced by the aforementioned agricultural nitrogen
contaminants and their availability for direct drinking usage at some sporadic sites (G09).
The relatively high content of NO3

− would potentially threaten the health of local humans,
especially for minors. Groundwater serves as a viable resource for sustainable long-
term irrigation without adversely affecting soil permeability. However, the potential
for salinization at some sites must be carefully managed to ensure the sustainability of
agricultural practices if groundwater is used for long-term irrigation. As global climate
change and human activities escalate, it is anticipated that groundwater resources in alpine
regions will be increasingly threatened by pollution and are at risk of natural degradation,
such as salinization. Thus, more attention should be paid to the groundwater resources of
these headwater regions.

4. Conclusions

The Tibetan Plateau is the “Third Pole” of the earth and the “Asia Water Tower”,
and its alpine regions are sensitive and fragile to changes in the external environment.
Groundwater resources are essential for the sustainable development of alpine regions
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on the Tibetan Plateau. The present research takes a typical area on the Tibetan Plateau
to obtain insights into the hydrochemistry and suitability of phreatic groundwater for
sustainable usage in the alpine agricultural area. The main findings are below.

Phreatic groundwater keeps a slightly alkaline and fresh nature in the present alpine irri-
gation area with a pH varying from 7.07 to 8.06 and TDS in the range of 300.25–638.38 mg/L,
which is very similar to the hydrochemical features of river water but slightly saltier.
Groundwater is characterized by a hydrochemical type of HCO3-Ca and HCO3-Na·Ca.
This composition is also slightly more variable compared to that of river water, which
typically exhibits a HCO3-Ca type. The majority of major ions are in relatively low concen-
trations and within the desirable limit for drinking purposes, except for Ca2+. All forms of
nitrogen contaminants have higher concentrations in phreatic groundwater than in river
water. All phreatic groundwaters have NO3

− content in the range of 3.58–42.86 mg/L with
a mean of 16.09 mg/L, which are all within the drinking standard of 50 mg/L. The maxi-
mum concentration of NO2

− and NH4
+ in groundwater reaches 0.08 mg/L and 1.42 mg/L,

respectively. Approximately 9.09% and 28.57% of collected groundwaters are beyond the
permissible limit of NO2

− (0.02 mg/L) and NH4
+ (0.2 mg/L) for drinking purposes.

Groundwater has relatively good hydrochemical quality for domestic usage based
on the entropy-weighted water quality index assessment. Although the EWQI value of
phreatic groundwater is in a large range of 25.7 to 159.9, most groundwaters (95.24%) have
an EWQI value below 100 and are suitable for direct drinking. At one of the sampling
sites, designated as G09, the EWQI exceeds 100, reaching up to 159.9. This high value
indicates that the water is classified within the poor water quality category and ascribed
to the relatively high content of NH4

+ (1.42 mg/L). The high concentration of NO3
− in

groundwater would potentially threaten the health of minors at some sporadic sites in the
study area, with a maximum HI value of 1.88 for infants and 1.10 for children. The SAR
and %Na value of phreatic groundwater vary between 0.19 and 3.34 and from 5.26 to 50.76,
respectively. The Na+ content in groundwater is acceptable for irrigation and would not
damage the soil permeability. The PI value of groundwater ranges from 39.51 to 75.59 and
also presents no threat to the soil permeability. While the EC value of groundwater has
a relatively large variation from 250–750 µS/cm, 23.81% of collected groundwaters had
doubtful quality for irrigation and may pose a potential salinity hazard during long-term
irrigation practices.

The hydrochemical composition of groundwater is primarily governed by rock–water
interactions rather than the original recharge water (precipitation) and evaporation. Silicate
weathering is the predominant process that contributes dissolved chemicals to groundwater.
The dissolution of evaporites and carbonates can also contribute some chemical constituents
to phreatic groundwater but to a very limited degree. The cation-exchange reaction is the
dominant ion-exchange process in phreatic aquifers and influences the hydrochemical
composition of groundwater in most sampling sites. Reverse cation-exchange reactions
also occur in the aquifer but only at some sporadic sites. Agricultural practice has resulted
in the elevation of nitrogen contaminants, which are dominant in the form of NO3

− and
NH4

+ rather than NO2
−. The major chemicals are not significantly brought into the phreatic

groundwater during this process. It is crucial to address agricultural nitrogen pollutants to
safeguard invaluable groundwater resources and foster the sustainable development of
these water assets in alpine irrigation regions.
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