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Abstract: As the largest and most representative tributary of the Mekong River, the Mun River Basin
(MRB) provides critical understanding of regional hydro-geochemical features and rock weather-
ing processes on a basin scale. The present study measured strontium (Sr) isotopes with hydro-
geochemistry data of 56 water samples in detail in the MRB in northeast Thailand. The dissolved Sr
contents and 87Sr/86Sr isotopic ratios were reported to be 8.7–344.6 µg/L (average 126.9 µg/L) and
0.7085–0.7281 (average 0.7156), respectively. The concentrations of dissolved Sr in the mainstream
slightly decreased from upstream to downstream, while the variation trend of 87Sr/86Sr was on
the contrary. Correlation analysis showed that Na+ strongly correlated with Cl− (0.995, p < 0.01),
while Ca2+ exhibited weak relationships with SO4

2− (0.356, p < 0.01). Samples of the MRB exhib-
ited lower Mg2+/Na+, Ca2+/Na+, HCO3

−/Na+ and 1000Sr/Na ratios, and gathered around the
end-member of evaporite dissolution, with slight shift to silicate weathering end-member, demon-
strating the dominant contribution of evaporite dissolution and silicate weathering on dissolved
loads. Comparing with data of major world rivers from previous research, our results remained
consistency with rivers draining through similar geological conditions. The dissolved Sr flux to
the adjacent Mekong River was estimated to be 20.7 tons/year. In accordance with the forward
model, silicate weathering rate and CO2 consumption rate during dry season were calculated to
be 0.73 tons/km2/year and 1.94 × 104 mol/km2/year, and may get underestimated due to intense
water consumption by extensive agricultural activities. The superimposed effect of anthropogenic
impacts on the water environment could enhance chemical weathering, and thus should be taken into
account in regional ion cycles and carbon budgets. These findings highlight the coupling analysis of
Sr isotopes and hydro-geochemistry in Earth surface processes and provide basic investigation for
sustainable regional water treatment mechanisms in the pan basin of the Mekong River.

Keywords: strontium isotope; water chemistry; chemical weathering; Mekong tributary; Thailand;
CO2 consumption

1. Introduction

Chemical weathering serves as one major process of continental CO2 consumption and
makes a significant contribution to the biogeochemical carbon cycle [1–3]. This terrestrial
process provides sufficient insights in monitoring short-time atmospheric CO2 variation
and in estimating regional climate change in the long run [4,5]. Therefore, research in-
terest on basin geochemistry has been largely attracted to ion removal [6], weathering
processes [1,7–10], their geological constraints [11–14], and the estimation of weathering
and CO2 consumption rates [15–17]. However, anthropogenic activities and atmospheric
inputs could interfere with the ionic composition of rivers, making it more complicated
to discriminate the controlling factors of chemical weathering processes only through the
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analysis of water chemistry [12,14]. On the other hand, source characterization through the
use of dissolved Sr and its radiogenic isotopes has shown to be effective in revealing weath-
ering contribution and types to riverine solutes, especially with the correlative studies on
hydrochemistry [3,12,18,19].

The Sr concentration and its isotopic ratio in the basin were principally constrained
by lithological characteristics and weathering of different minerals [20]. Compared to the
traditional hydro-geochemistry analysis in the river basin, radiogenic strontium isotopes
(87Sr/86Sr) are far more sensitive for water sources, especially for the primary identification
of chemical weathering end-member, since natural processes in the surficial environment
commonly do not generate Sr isotope fractionation [21]. Therefore, strontium and its
isotopes are widely used as a versatile geochemical tracer for fingerprinting weathering
processes and dissolved ion provenance within the river basin. This has been demonstrated
in numerous studies of the estimation on global silicate weathering rates and CO2 con-
sumption [5,18,22]. From a larger perspective, determination of the Sr isotopic signature
of modern rivers appears to provide basic support for the estimation of riverine ion cycle
within the basin.

The Mekong River is considered as a major transport channel of terrestrial materials
to the reservoir of the ocean, which makes the geochemical behaviors of riverine dissolved
loads an essential way in the profound investigation of terrestrial weathering [1,2]. The
Mekong River is also one of the largest rivers in terms of water discharge, total length
and economic significance, which extends to agriculture, hydroelectricity, navigation, and
fisheries. As an essential reservoir for native organisms and local ecosystems, it provides
sufficient aquatic biodiversity for local livelihood. As an important tributary of the Mekong
River, the Mun River basin (MRB) belongs to a tropical monsoon climate with abundant
rainfall and high temperature [23]. Published studies of the Mun River mainly focus on the
riverine nutrients [24], heavy metals [25,26], dissolved organic carbon and nitrogen [23],
and H−O isotopes [27], whereas the isotopic constraints of dissolved loads from Sr isotopes
is rarely reported. The combination of Sr isotopes with hydro-chemistry data in the Mun
River is of great significance to investigate the controlling factors of both natural chemical
weathering and anthropogenic agricultural inputs [28]. Here, we report Sr concentration
and its isotopic data of the Mun River water, and the main aims are as follows: (a) present
the spatial distribution characteristics of water chemistry, radiogenic Sr isotopic ratios and
strontium concentration of the MRB; (b) decipher in detail the source and end-member
contributions of chemical weathering on Sr isotope compositions and dissolved ions, with
the estimation of the relative ion flux; (c) quantify the chemical weathering and CO2
consumption rate in the study region. This study provides basic analysis of dissolved
loads on such a Mekong tributary through Sr isotope geochemistry, which benefits the
management of local water resources.

2. Materials and Methods
2.1. Study Region

The Mun River Basin (MRB) is situated in the Korat Plateau of northeast Thailand
(Figure 1), and is regarded as the most significant limb of the Mekong River, with a land-
mass of 71,060 km2 [23] and a total length of 673 km. The elevation decreases from west
to east, since mountains are encircled in the southwest of the MRB, and the middle and
lower regions are distributed by the plains. The major economy sector in Thailand is
agriculture due to extensive distribution of rice fields (70.8%) [29,30]. Moreover, other
land use types like forests (13.5%, 14.4 million hectares) take up only a small percent-
age (Figure S1). The geological settings of the Mun River Basin mainly consists of
semi-consolidated/unconsolidated Mesozoic and Quaternary clastic sedimentary rocks
(Figure 1b), together with a small amount of igneous rocks distributed in southern Mun.
Limestone only occupied for <1% of the lithology in the river basin [31,32]. Furthermore,
the Mun River flows through multiple city downtowns where the urban wastewater may
flow into the adjacent river. The tropical/equatorial savannah climate of study area is
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significantly under the impact of southwest (SW) monsoon (May–October) and northeast
(NE) monsoon (October–February), and the SW monsoon-derived precipitation generally
accounts for 90% of that in total, with the variation of rainfall amount from 800 mm to
1800 mm during the rainy season and from 40 mm to 120 mm during the dry season [33–35].
Therefore, our sampling on March 2018 was located in a transition from SW to NE mon-
soon where the regional climate is relatively dry during the sampling period. The annual
evaporation of the study region varied between 2881 mm in the west part and 5678 mm in
the east [36,37], and the yearly water discharge from the Mun River to the Mekong River is
about 2.5 × 109 m3/year [38]. More information and descriptions of regional population,
industry and climate can be obtained from our previous research [26,27].
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Figure 1. Maps of the Mun River Basin: (a) Sampling sites and geographical distribution (b) The
geological map of the MRB.

2.2. Sampling and Chemical Analysis

Water samples of the Mun River were collected in March 2018 (dry season), and a
total of 56 sampling sites were distributed along the mainstream and tributaries of the
Mun River (Figure 1). The samples were denoted as U1–18, M1–19, and L1–19 for the
upper, middle and lower reach, respectively, among which the samples collected from
the mainstream were labelled as U1–10, M1–8, and L1–8. The remaining sites, except for
that from mainstream, were all gathered from tributaries. To avoid the interference from
impurities, all water samples were filtrated through a 0.22µm cellulose acetate membrane
(Millipore). Samples for the measurement of major anions (HCO3

−, Cl−, SO4
2−, NO3

−)
were then kept in the HDPE (High Density Polyethylene) bottles directly and determined
by ionic chromatography (Dionex 1100, Sunnyvale, CA, USA), and that for major cations
(Mg2+, Ca2+, K+, and Na+) were oxidized by ultrapure HCl to pH < 2 and determined by
ICP−OES (Optima 5300DV, PerkinElmer Inc., Waltham, MA, USA). All containers were
sealed and kept refrigerated at 4 ◦C for the following analysis in the Institute of Geographic
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Sciences and Nature Resources Research, Chinese Academy of Sciences (CAS). The details
in sampling procedures have been further described in our previous works [23,24].

Following the isotopic analysis method of previous research [39], water samples for
strontium isotope measurement were firstly concentrated by evaporation in the oven,
then separated from other dissolved ions by the standard ion-exchange techniques, and
finally performed by a Nu Plasma 3 double focusing multi-collector inductively coupled
plasma mass spectrometer (MC−ICP−MS, Nu Instruments, Wrexham, UK) at the Surficial
Environment and Hydrological Geochemistry Laboratory in the China University of Geo-
sciences (Beijing, China). In this study, analytical method of standard-sample bracketing
(SSB) was adopted to reduce instrumental mass bias. The measured 87Sr/86Sr ratios were
internally normalized by a constant 86Sr/88Sr value (0.1194) with the exponential law. The
reproducibility and accuracy of Sr isotopic runs were periodically evaluated by running
the standard solution NIST SRM 987 with an average isotopic ratio of 0.710276 ± 24 (2SD,
N = 46).

2.3. Data Processing

A widely-used forward model was applied in this study to determine the chemical
weathering sources of major ions according to mass balance equations of cations (K, Na,
Ca, and Mg) from five reservoirs—precipitation, anthropogenic inputs, evaporite, silicate
and carbonate [15]. For the dissolved loads in river water, the mass balance equation can
be expressed as follows [2]:

[X]river = [X]atmosphere + [X]carbonate + [X]silicate + [X]evaporite + [X]anthropogenic (1)

First, we assumed that the sample with the lowest Cl concentration value got all Cl
from precipitation. Based on the (X/Cl)rain of local rain, the input of these four cations
from precipitation can be calculated. Second, to calculate the evaporite input, we assumed
that the excess Cl after precipitation correction was obtained from halite (NaCl). Third,
for the estimation of silicate contribution, all Na after the correction of precipitation and
evaporite and all K after the correction of precipitation were assumed to be attributed from
silicate weathering. Ideally, Ca, and Mg from silicates could be estimated through data
from monolithologic rivers within the study basin [15]. Fourth, the input from carbonate
weathering could be calculated by subtracting the precipitation, evaporite, and silicate
contributions from the total dissolved Ca and Mg in rivers. The detailed information of
this model can be found in previous works [15,40].

Under such circumstances, the silicate weathering rate (SWR) within the river basin
can be estimated by the sum of cations from silicate weathering, and the CO2 consumption
rate (ΦCO2 (sili), the unit of cations is mol/L) can be calculated by the charge balance of
weathering reactions as follows [41]:

SWR = (Ksili + Nasili + Casili + Mgsili + SiO2) × Discharge/Area (2)

ΦCO2 (sili) = (Ksili + Nasili + 2Casili + 2Mgsili) × Discharge/Area (3)

Beside this, the estimation of strontium flux in the Mun River basin provides significant
insights into the transport of riverine dissolved Sr to the Mekong River, one of the large
rivers in the world. Quantifying the amount of silicate-derived Sr flux obtained from
weathering fractions could reflect the corresponding CO2 degassing from solid-Earth,
which may provide sufficient magnitude to alter regional climate [42]. The estimation of
dissolved Sr flux of the Mun River can be derived as follows:

FSr = QMun × CSr (4)

Here, FSr means the dissolved Sr flux from the MRB to the Mekong River, QMun
represents the river water discharge (in m3/s), and CSr means the concentration of dissolved
Sr content near the output area (in µg/L).
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2.4. Software

The Pearson correlation (PC) analysis was carried out for statistics and potential ion
sources identification using SPSS 26.0 (IBM Corporation, Armonk, NY, USA) and Microsoft
Office 2013 (Microsoft Corporation, Redmond, WA, USA). One-way ANOVA analysis was
performed to determine the significant differences of ion concentrations between river
mainstream and tributaries by SPSS 26.0 (IBM Corporation, Armonk, NY, USA). All data
were graphed by Origin 2017 (OriginLab Corporation, Northampton, MA, USA) and edited
by CorelDRAW Graphics Suite 2018 (Corel Corporation, Ottawa, ON, CAN).

3. Results
3.1. The Spatial Distribution of Dissolved Ions and Strontium Isotopes

Table S1 illustrated the concentration of dissolved major ions, strontium, and the ratio
of 87Sr/86Sr in the MRB during the sampling period selected for this study. The descriptive
statistics of physicochemical parameters were presented in Table S2. The temperature in
the MRB varied in a relatively small range from 24 ◦C to 33 ◦C with an average value
of 28.6 ◦C, and the pH varied between 6.1 and 8.5 (average 7.55), indicating the neutral
and alkaline river environment [24]. As presented in Figure 2a, the temperature in the
lower reach of the MRB was relatively higher than the upper and middle reach, but the
pH values seemed to decline from upstream to downstream. It is noteworthy that site
M7 and M8 exhibited much lower pH than M6 in the mainstream (Figure 2a), since the
tributaries with lowest pH values (site M17–19) converged into M7 and M8. Based on the
geographical map of the MRB (Figure 1), the influence from urban discharge and domestic
sewage in the provincial capital located near M18 can be regarded as a major contributor to
this phenomenon.

Similar to the world average value (283 mg/L) of total dissolved solids (TDS) in
rivers [43], the TDS concentrations in the MRB had an average of 269 mg/L in a broad
range (13.7–1456 mg/L), reflecting the impact of land use and regional pollution [1]. In this
study, the concentrations of DO displayed a rather uniform variation from 3.3 to 8.7 mg/L
except for a relatively higher value in site U3 (11.8 mg/L, Table S1). The distinctive value
may be attributed to stronger photosynthesis of terrestrial and aquatic plants, since site
U3 was located in forest development area based on regional land use (Figure 1a and
Figure S1).

The spatial variation of dissolved major ions were shown in Figure 2b,c for the whole
basin and in Figure 3e–l for all tributaries in the MRB. The concentration of HCO3

− ranged
from 7.3 to 362.3 mg/L (average 78 mg/L), and that of Cl− ranged from 1.7 to 668.5 mg/L.
Moreover, the concentration of K+ and Na+ were 1.2–14.1 mg/L and 1.3–369.6 mg/L, re-
spectively, and that of Ca2+ ranged from 1.1 to 103.5 mg/L (average 20.4 mg/L). According
to ANOVA analysis of ion concentrations between mainstream and tributaries (Table S3),
the concentrations of SO4

2−, HCO3
− in the upper reach showed significant differences

between the tributaries and the mainstream (with the significance value of 0.032 and 0.029),
and that of Na+, Mg2+ and HCO3

− in the middle reach also exhibited significant differences
(with the significance value of 0.050, 0.017, and 0.006). It is noteworthy that the ion concen-
tration in lower reach of the MRB exhibited no obvious significant differences between the
mainstream and tributaries. According to our previous work [23], the mean concentration
of major dissolved ions was in the order of Cl− > HCO3

− > SO4
2− > NO3

− for anions and
that of Na+ > Ca2+ >Mg2+ > K+ for cations, indicating the dominant hydrochemical type
of Na−Cl−Ca−HCO3 in the MRB. The contents of Na+, K+, SO4

2− and Cl− in the main-
stream fluctuated in a similar trend from upstream to downstream, with relatively higher
values in site U7–9. The concentrations of Mg2+, Ca2+, and HCO3

− had a very similar
decreasing trend along with the river flow. It should be noted that the contents of these
major elements were relatively lower after the junction of the middle and lower reaches
(site M8 and L1), which was mainly as a result of the additional dilution effect in river
discharge from the convergence of tributaries (site L9–12) and the uniform distribution in
regional geology (Figure 1).
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In addition, in comparison with the guideline values of drinking water quality by
the World Health Organization [44], it is obvious that the total chlorine (Cl−) contents
in the Mun River were much higher than the guideline values (3 mg/L), which may be
attributed to wide distribution of evaporites in the basin. The nitrate (NO3

−) contents
of water samples were much lower than the guideline values (11 mg/L), indicating no
significant threat to drinking water health. NO3

− contents in the mainstream existed
several higher values in the lower reach (Figures 2c and 3), which may be ascribed to
potential anthropogenic pollutions near the sampling sites (fertilizer, sewage and industrial
wastewater) [24].

As shown in Tables S1 and S2, the dissolved Sr contents in the MRB ranged from 8.7 to
344.6 µg/L with an average of 126.9 µg/L, higher than the world average (78.3 µg/L) [45].
The concentrations of dissolved Sr in the mainstream slightly decreased from upstream
to downstream, while the variation trend of 87Sr/86Sr was on the contrary (Figure 2d and
Table S2). According to the ANOVA analysis (Table S3), the dissolved Sr concentrations



Water 2021, 13, 3137 8 of 18

in the upper reach showed significant differences between the tributaries and the main-
stream (with the significance value of 0.025). However, dissolved Sr contents in the other
two reaches did not exhibit the same, indicating no significant variation between main-
stream and tributaries downstream. The ratio of dissolved 87Sr/86Sr ranged from 0.7085 to
0.7281, similar to that in the Seine River (0.7077–0.7168, Le Havre, France) [2] draining a
typical Mesozoic−Cenozoic sedimentary basin under temperate climatic conditions, and
that in the Indus River (0.7098–0.7120) [46] draining though sedimentary carbonates under
tropical climate. However, it is generally lower than that in Himalayan rivers (0.7115–
0.9646) [21], draining mostly through silicate bedrocks. The mean value of Sr isotopic
ratios (0.7156) is similar to that of the world average (0.7119) [45]. Comparing to the upper
and middle reach in the MRB, the lower reach exhibited relatively large fluctuations of
radiogenic Sr isotopes from 0.709 to 0.725, indicating the potential impact of tributary
lithology due to concentrated distribution in the lower reach, and also to the impact of the
water mixing process near the Mekong River. Moreover, it is worth noting that site U15,
U16, M11, and M19 exhibited much higher 87Sr/86Sr values than that in adjacent tributaries
within the watershed, which is probably because of the draining through silicate bedrocks
according to regional lithology (Figure 1).

3.2. The Source of Dissolved Ions and Strontium Isotopes

To study the chemical relationships among the variables of the river water samples, the
statistical techniques of Pearson correlation analysis was applied. Figure 4 presented the
hot map of Pearson correlation coefficients in selected parameters measured in the MRB. It
is obvious that Na+ strongly correlated with Cl− (0.995, p < 0.01), and Ca2+ exhibited weak
relationships with SO4

2− (0.356, p < 0.01). In addition, HCO3
− showed strong positive

correlation between Ca2+ (0.935, p < 0.01) and Mg2+ (0.764, p < 0.01).
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The elemental ratios of Ca2+/Na+ versus HCO3
−/Na+ and Mg2+/Na+ were plotted

in Figure 5 to reflect the controlling factors of weathering source (evaporites, silicates and
carbonates). The water samples were located among three fundamental end-members
and much closer to the evaporite-silicate end-members, confirming the mixing contri-
butions between different weathering products. When compared with data of 61 world
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rivers derived from previous research [1], samples of the MRB have lower molar ratios
of Mg2+/Na+, Ca2+/Na+ and HCO3

−/Na+; this likely reflects the dominant impact of
evaporite dissolution. Moreover, it can be seen in Figure 5 that water samples in the upper
Mun seemed much closer to the silicate weathering end-member, whereas the influence of
evaporite dissolution was strengthened more in the middle reach. Beside this, some sam-
pling points plotted particularly far away from the range of these end-members, indicating
the additional contribution from other potential inputs.
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of waters samples in the MRB and the world major rivers. The data of 61 large world rivers and three
end-members were derived from [1].

From the correlation analysis mentioned above in Figure 4, strontium has a relatively
strong correlation with Ca2+ in the river water (0.691, p < 0.01), which exists more clearly
when plotting the Na-normalized ratios of Ca/Na and 1000Sr/Na together (R2 = 0.76,
Figure 6). This correlation supports the mixing processes between evaporites and silicates
(lower Sr/Na and Ca/Na ratios). Furthermore, the plotted ratios in lower reach appeared
centralized in the most left corner of the figure than the upper reach, indicating the diver-
gence of contribution in distinct parts of the basin. It should also be noted that the plot of
site U18 (located in one of the large tributaries in the MRB) deviated from the fitting line,
indicating the additional alteration by other potential controlling factors. According to
previous studies of strontium in world rivers [1], evaporites have much lower Sr/Na and
Ca/Na ratios compared to silicates and carbonates. Considering the other major world
rivers dominated by various lithology [1], our results remained consistency with the rivers
draining through similar geological conditions, such as the Mekong river (Figure 6).
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Figure 7a exhibited the mixing plot of 87Sr/86Sr vs. 1/Sr in the upper, middle and
lower part of the MRB, and no significant relationship existed between these two ratios.
Water samples fanned out towards lower Sr isotopic ratios rather than falling on the same
trend, implying the multi end-member mixing of strontium isotopes along the river flow
instead of a traditional mixing process mentioned above. As shown in Figure 7b, the plotted
samples obviously gathered around the end-member of evaporite dissolution and slightly
shifted towards the end-member of silicate weathering. In terms of the individual part
of divided reaches, the upper reach deviated a little towards the carbonate end-member,
while the middle and lower reach exhibited much more centralized to the mixing line
between evaporites and silicates.

3.3. The Sr Flux, Chemcial Weathering and Related CO2 Consumption Rate

The relative contributions of rock weathering on dissolved Sr can be discriminated by
the following Equation [42]:( 87Sr

86Sr

)
riv

=
( 87Sr

86Sr

)
rain
× Srrain +

( 87Sr
86Sr

)
carb
× Srcarb +

( 87Sr
86Sr

)
evap
× Srevap +

( 87Sr
86Sr

)
sili
× Srsili (5)

The (87Sr/86Sr)riv, (87Sr/86Sr)rain, (87Sr/86Sr)carb, (87Sr/86Sr)evap, and (87Sr/86Sr)sili
represent the 87Sr/86Sr ratios of the Mun River, regional rainwater, carbonates, evapor-
ites and silicates, respectively. Srrain, Srcarb, Srevap, and Srsili indicate the contribution
proportions of each potential reservoirs. Based on several assumptions and conditions
discussed below (Section 4.1), the results can be drawn that the proportion of evaporite
dissolution interpreted mostly the dissolved Sr in the MRB (average 63%, ranged 18–99%).
The segment of silicate weathering occupied the other 37% in average which ranged from
1% to 82%. For the upper reach of the Mun River, evaporite dissolution made the most
significant contribution (average 80%) to the riverine Sr compared to the middle (average
51%) and lower reach (average 57%), while the silicate weathering contributed most to the
dissolved Sr in the middle reach (average 49%).
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According to the hydrological data provided by Royal Irrigation Department of
Thailand (R.I.D) and the identical Sr output from the MRB, the dissolved Sr flux to
the Mekong River was thus calculated to be 20.7 tons/year in the dry season based on
Equation (4), providing a certain contribution to the dissolved Sr into world’s large rivers.
A simplified calculation of weathering and related CO2 consumption rate was conducted
based on appropriate assumptions (see details in Section 4.2). The results showed that the
silicate weathering rates of the MRB during dry season was 0.73 tons/km2/year, and the
value of CO2 consumption rate was calculated to be 1.94 × 104 mol/km2/year.

4. Discussion
4.1. Contributions of Chemical Weathering to Dissolved Ions
4.1.1. Weathering Source Identification of Dissolved Ions

As for the bedrock weathering source, the potential process affecting riverine solutes
could be regarded as follows: (a) the dissolution of evaporite [48], which contains gypsum
dissolution (introducing Ca2+ and SO4

2−) and halite dissolution (introducing Na+ and Cl−),
(b) the dissolution of silicate minerals by CO2, which brings Si, HCO3

−, K+, Na+, Mg2+ and
Ca2+, (c) the dissolution of carbonates by CO2, which introduces Mg2+, Ca2+ and HCO3

−

into the river. As shown in Figure 4, it is obvious that the strong correlation between Na+
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and Cl− (0.995, p < 0.01) indicated the possible presence of halite dissolution within the river
basin, which is also consistent with regional geological settings (Figure 1). However, weak
relationships between Ca2+ and SO4

2− (0.356, p < 0.01) implied less significant contributions
from gypsum dissolution. The strong positive correlation between HCO3−−Ca2+ (0.935,
p < 0.01) and HCO3

−−Mg2+ (0.764, p < 0.01) indicated the potential weathering of silicates
within southern MRB, since the river hardly drained through carbonate area (Figure 1).

Furthermore, the elemental ratios of Ca2+/Na+ versus HCO3
−/Na+ and Mg2+/Na+

could primarily reflect the controlling factors of bedrock weathering on major dissolved
ions due to the variations between the weathering of evaporites, silicates and carbon-
ates [1,49]. The three major reservoirs could be discriminated separately as (a) evap-
orites (halite): Ca2+/Na+ = 0.2, HCO3

−/Na+ = 0.12, Mg2+/Na+ = 0.012, (b) silicates:
Ca2+/Na+ = 0.35 ± 0.15, HCO3

−/Na+ = 2 ± 0.1, Mg2+/Na+ = 0.24 ± 0.12, (c) carbonates:
Ca2+/Na+ = 50, HCO3

−/Na+ = 120, Mg2+/Na+ = 10 based on previous studies on large
world rivers [1]. Similar trends were observed in the MRB as shown in Figure 5, confirming
the mixing contributions between different weathering products, principally the dissolu-
tion of evaporites and silicate rocks [1]. Therefore, evaporite weathering (dissolution) may
be one of the most important controlling factors dominating dissolved loads in the Mun
river water, and silicate weathering could be suggested as another potential contributor of
riverine solutes.

It has been widely accepted that HCO3
−, Mg2+, and Ca2+ are not strongly affected

by anthropogenic factors, while Na+ is partly controlled by pollution [12]. As mentioned
above, the large population in provincial capitals and the extensive agriculture distribution
in Thailand result in the largest land use of crop fields within the MRB. Therefore, the
anthropogenic inputs, especially agricultural activities and urban wastes, may also lead
to the deviated values of measured chemical parameters and play a significant role in the
contribution of dissolved solutes, such as SO4

2−, and NO3
−. Beside the above hypotheses,

the regional climate during the sampling period was in a transition from southwest (SE) to
northeast (NE) tropical monsoons [23], and the precipitation in the rainy season (southwest
monsoon) accounted for nearly 90% of the annual precipitation [24]; the effect of precipita-
tion during sampling period (dry season) can thus be neglected compared to other times
of the year. According to our previous work on hydrogen and oxygen isotopes [27], it is
possible that the surface evaporation also made a potential contribution to water chemistry
and dissolved ions in the MRB, since the evaporation line of the Mun River in dry season
(δ2H = 5.27 × δ18O − 15.76, n = 56, R2 = 0.91) was significantly lower than that of the local
meteoric water line (LMWL, δ2H = 7.68 × δ18O + 7.25, n = 56, R2 = 0.91) of Bangkok. This is
consistent with the basic environmental conditions (tropical climate, high temperature and
scarce precipitation in dry season) for evaporation. Under such circumstances, in the next
section the combined usage of strontium isotopes with hydrochemistry characteristics will
help further identify the relative end-member contributions from weathering processes,
and provide a much concrete view on riverine dissolved loads.

4.1.2. Potential End-Member Contribution of Strontium

The radiogenic strontium isotope (87Sr/86Sr) compositions of river waters commonly
exhibit identical signatures draining through different bedrock lithology and rarely frac-
tionates during natural biogeochemical processes, and thus has been extensively applied
to the study field of elemental material cycle in the catchment scale [19,50,51]. Previous
studies have discriminated two distinct pathways for the variation of riverine Sr contents
and 87Sr/86Sr ratios: silicate weathering with typically lower Sr concentration and higher
isotopic ratios, and vice versa for river draining through carbonate bedrocks [18]. As
shown in Figure 7b, the relationship of 87Sr/86Sr versus 1000Sr/Na molar ratios of the
Mun River clearly demonstrated the mixing trends between evaporites and silicates [47].
In terms of the individual part of divided reaches, the upper reach could be explained by
the appearance of limestone adjacent to the headwater of the Mun River, and the middle
and lower reach corroborated the hypothesis of chemical weathering sources derived



Water 2021, 13, 3137 13 of 18

from the analysis of hydro-geochemistry. Therefore, the dissolved loads in the MRB is
primarily controlled by the weathering of evaporite dissolution and a small amount of
silicate weathering.

The quantification of end-member contribution to strontium is indispensable prior
to the estimation of Sr flux to the adjacent Mekong River and CO2 degassing through
silicate weathering [18]. As previously noted, rainfall amount within the basin varied
from 800–1800 mm during the wet season [33], and from 40–120 mm in the dry season [35].
Therefore, the precipitation in the dry season was neglected, since rainfall in the wet season
generally accounts for nearly 92–98% of the total annual precipitation (that is, only 2–8% for
the dry season) [38,52]. Moreover, considering the wide distribution of the clastic sedimen-
tary rock basement and the coverage of thick quaternary alluvial deposits [31,38], and that
the carbonates (limestones) only distributed in the limited area of the westernmost tip of
the basin (Figure 1), the contribution of carbonate weathering in this region was assumed
negligible for the simplification of our calculation. The commonly representative values
of 0.710 [47] for evaporite dissolution contribution were also adopted in our calculations.
According to regional geological settings (Figure 1), the sampling site M11 with the highest
87Sr/86Sr ratio (0.7281) drained obviously through silicate bedrocks, thus was regarded as
an appropriate constraint of silicate end-member in the formula. Therefore, the equation
mentioned above can be simplified as:( 87Sr

86Sr

)
riv
= Srevap × 0.710 + Srsili × 0.7281 (6)

In addition to the simple two end-member mixing equation based on mass balance
(Srevap + Srsili = 1), the results can be drawn when eliminating several deviated values
due to the factors neglected previously in our calculation. The calculation results strongly
confirmed that the major contributor of dissolved loads in the Mun River via natural
processes should be evaporite dissolution foremost and silicate weathering the second.

4.1.3. Estimation of Dissolved Sr Flux

Since the water samples available for dissolved Sr flux calculation were collected in
dry season, the corresponding river discharge and dissolved Sr concentration were applied
to the estimation (see Section 2.3 for more info). Our previous work [23] has demonstrated
no obvious annual variation of river runoff in the MRB, and the average annual runoff
at the M.11B hydrological station located at the outlet of the MRB is 2.6 × 1010 m3. Ac-
cording to the hydrological data provided by Royal Irrigation Department of Thailand
(R.I.D), the water discharge during our sampling periods reached to 75 m3/s in the lower
Mun [38], which occupied about 9.1% of the total annual runoff in the MRB. In detail, the
Sr concentration of site L8 (8.7 µg/L) was selected to represent the identical Sr output from
the MRB, as it was located in the most downstream site in the lower Mun. For the sake
of simplification in the calculation, we assumed that the detected values during sampling
period remain consistent. On the basis of such circumstances, the dissolved Sr flux to the
Mekong River was thus calculated to be 20.7 tons/year in the dry season, providing a
certain contribution to the dissolved Sr into world’s large rivers. Furthermore, the relative
flux of 87Sr in excess of seawater Sr isotope composition (generally consistent to 0.709) was
also calculated as follows [20]:

87Srexcessflux =

( 87Sr
86Sr

− 0.709
)
× Total Srflux (7)

The result was calculated to be 0.06 tons of 87Sr each year in excess to the Mekong
River from the MRB and finally to the adjacent ocean, indicating the potential influence of
the Mun River on seawater Sr isotope evolution.

4.2. Influencing Factors of Chemical Weathering and Related CO2 Consumption Rate

Chemical weathering makes continental denudation significant to geochemical cycles,
since riverine solutes are continuously transported into the large reservoir of ocean. Weath-
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ering reactions within the river basin indirectly consume CO2, making the weathering
rate essential for controlling the long-term CO2 concentrations in the atmosphere and
alter global temperature of surficial environment in the long run [2]. The major silicate
weathering reactions are as follows [53]:

2NaAlSi3O8 + 2CO2 + 11H2O→ Al2Si2O5
(

OH)4 + 2HCO−3 + 2Na+ + 4H4SiO4 (8)

2KAlSi3O8 + 2CO2 + 6H2O→ Al2Si4O10
(

OH)2 + 2HCO−3 + 2K+ + 2H4SiO4 (9)

CaAl2Si2O8 + 2CO2 + 3H2O→ Al2Si2O5

(
OH)4 + 2HCO−3 + Ca2+ (10)

Mg2SiO4 + 4CO2 + 4H2O→ 4HCO−3 + 2Mg2+ + H4SiO4 (11)

Moreover, not all chemical weathering reactions involve CO2, as major evaporate
minerals (NaCl, CaSO4, and CaSO4·xH2O) dissolve without reacting with acids except
water. Since no prominent contribution of carbonate weathering was observed, we only
calculated silicate weathering rates and CO2 consumption rates in this paper.

Here, a forward model was applied to estimate the amount of major dissolved ions
for the calculation of silicate weathering rate and CO2 consumption (see more details
in Section 2.3) [1,15]. A simplified calculation was conducted based on the following
assumptions. First, since the precipitation during sampling period generally accounts
for only 2–8% of the total annual precipitation [38], we neglect the effect of atmospheric
inputs ([X]atmosphere), and also ignore the inputs from carbonate weathering due to limited
distribution. Secondly, evaporite (halite) dissolution should act as a dominant source of Na+

and Cl− in the MRB, since the influence from sea salt is weak in inland rivers, and these two
ions showed highly positive correlations (Figure 4) with wide distribution and significant
impact of evaporite dissolution. Therefore, it is appropriate to make the assumption that
the minimum value of Cl− (1.7 mg/L) in the MRB was totally originated from evaporite
(halite) dissolution ([Cl]min = [Cl]evap = [Na]evap). Furthermore, contrary what is seen in
large natural rivers like the Congo and the Amazon [1], the MRB is apparently impacted by
anthropogenic activities such as agriculture and urban industry (Figure S1). Anthropogenic
activities commonly related to K+, Na+, Cl−, NO3

−, and SO4
2−. For anthropogenic-

originated chlorine, the [Cl]anth (17.8 mg/L) can thus be obtained by subtracting evaporite
Cl from riverine Cl ([Cl]river = 19.5 mg/L).The simplified equations can be written as
follows [15,54]:

[Cl]min = [Cl]evap (12)

[Cl]river = [Cl]evap + [Cl]anth (13)

[Ca]river = [Ca]sili + [Ca]evap (14)

[Mg]river = [Mg]sili + [Mg]anth (15)

[K]river = [K]sili + [K]anth (16)

[Na]river = [Na]sili + [Na]evap + [Na]anth (17)

For the sake of relatively accurate estimation, the average value of dissolved loads
in site L4–8 which located in the mainstream closest to the river mouth were regarded as
the outlet concentrations of each dissolved ion. Hence, the mean value of SiO2 in this sites
(6.9 mg/L) was applied to our calculation. For anthropogenic-originated K and Na, the
reference value of anthropogenic inputs ([K]anth = 1.4 mg/L, [Na]anth = 3.6 mg/L) can be
derived from the Cl−-normalized ratios of K and Na in agricultural activities (K/Cl = 0.08,
Na/Cl = 0.2) [2]. Then, the remainder of K and Na after the correction anthropogenic and
evaporite inputs were regarded as the main products originated from silicate weathering
([K]sili = 1.3 mg/L, [Na]sili = 10.7 mg/L). Ideally, Ca, and Mg from silicates should be
estimated through data from monolithologic rivers within the local region. However, due
to the absence of appropriate data in the MRB, the Na-normalized ratios of Ca and Mg
compiled from typical silicate bedrocks (Ca/Na = 0.44, Mg/Na = 0.16) were chosen in our
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calculation [15]. Therefore, silicate-derived Ca and Mg were calculated to be 4.7 mg/L for
[Ca]sili and 1.7 mg/L for [Mg]sili, respectively.

According to the above analysis, the calculated silicate weathering rates of the MRB
during dry season was 0.73 tons/km2/year, and the value of CO2 consumption rate was
1.94 × 104 mol/km2/year. Assuming that SWR remains consistent on terrestrial surface
environment, the CO2 sink by silicate weathering in dry season was calculated to be
1.65 × 10−8 Gt C/year. In addition, water consumption by agricultural tillage along the
river would cut down river runoff to some extent, and further give rise to the underesti-
mation of weathering rate and CO2 consumption. Considering the extensive distribution
of rice fields and agricultural activities in the MRB, this could be a potential determinant
affecting the estimation and may require further in-depth investigation.

In summary, as shown in our discussion, the anthropogenic activities in the Mekong
tributary, especially agriculture, played an important role in altering regional chemical
weathering and subsequent transportation process. From another perspective, anthro-
pogenic impacts such as agriculture and industry could accelerate chemical weathering by
introducing protons into the river water, since recent works in the pan basin of the Mekong
River have demonstrated the significant pollution of human activities on dissolved sul-
fate [29], nitrogen [38] and riverine nutrients [24]. Beyond that, let alone the whole Mekong
River, any one of the tributaries (the MRB) could act as a primary source of drinkable water
and agricultural production for more than 10 million people. As such, more systematic
research on regional climate change and human health may provide a comprehensive view
for better agricultural management along the river. The establishment of relative water
treatment should also be highly recommended and carried out to develop a long-term
monitoring mechanism near the Mekong River.

5. Conclusions

This study focused on source identification and distribution characteristics of riverine
Sr and hydro-geochemistry in the Mun River under natural and anthropogenic impacts.
The dissolved Sr concentrations and 87Sr/86Sr ratios were reported to be 8.7–344.6 µg/L
(higher than world average) and 0.7085–0.7281 (similar to world average), respectively.
The dissolved Sr values and 87Sr/86Sr ratios in the mainstream were higher than that
in the tributaries. Correlation analysis along with Sr isotopes demonstrated the primary
contribution of evaporite dissolution and silicate weathering on dissolved loads. According
to the two-member mixing model, the proportion of evaporite dissolution accounted for
more than half of dissolved Sr (average 63%), indicating the predominance of evaporite
dissolution within the basin. The dissolved Sr flux to the Mekong River was calculated to
be 20.7 tons/year in the dry season, providing a certain contribution into one of the world’s
largest rivers. The silicate weathering rate and the CO2 consumption rate were calculated to
be 0.73 tons/km2/year and 1.94 × 104 mol/km2/year, respectively. Considering extensive
agricultural activities in the MRB, the above calculation may be underestimated due to
reduced river runoff and intense consumption by agriculture along the river. Although
the regional CO2 sink by silicate weathering seemed to be much smaller than that in
major reservoirs, it may still be taken into account in the regional carbon budgets. Natural
processes, together with the addition of anthropogenic activities, enhance the coupled
transport of dissolved loads and make it necessary to develop long-term monitoring
mechanisms and water treatment schemes in the major tributary of the Mekong River.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13213137/s1, Figure S1: Land use and statistical data of agriculture/industry change in
the MRB. Table S1: The concentration of dissolved ions and strontium isotopes in the Mun River.
Table S2: Descriptive statistics of the detected physicochemical parameters in the MRB. Table S3: The
results of One-way ANOVA analysis on detected chemical parameters in the MRB.
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