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Abstract
Chemical weathering in the Himalayan river basins is among the highest in the world and 
has received vast research attention related to past climate change. Many early estimates of 
chemical weathering are based on a small number of water property data that ignore those 
spatial and seasonal variations. Therefore, this study analyzed spatial and seasonal varia-
tions in chemical weathering in the Mekong Basin, where the geology, climate, and hydro-
logic cycle of the basin vary significantly from the lower to upper reaches and from dry 
to rainy seasons. We separately estimated the origins of dissolved elements and potential 
 CO2 consumption rates using the numerous chemical compositions of river water through-
out the entire basin and in both seasons. The  CO2 consumption rate in the rainy season 
is three to five times that in the dry season that may be due to the high temperature and 
precipitation. Despite the low temperatures and dryness of the upper and middle basins, 
the  CO2 consumption rate is approximately twice that in the lower reaches; this can be 
attributed to active physical denudation in steep mountainous areas which increases the 
surface area for water–rock interactions. The total  CO2 consumption obtained by combin-
ing each season and basin was 48‒70 × 109 mol/a and 148‒159 × 109 mol/a for silicate and 
carbonate weathering, respectively, which are almost half the values of previous estimates. 
Our results suggest that seasonally and spatially separated evaluations are important for 
generating estimates of chemical weathering in large Himalayan rivers.
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1 Introduction

Chemical weathering is a key earth-surface process that links element cycling of the solid 
Earth to the atmosphere and oceans (Berner 2003). Terrestrial weathering forms a major 
atmospheric  CO2 sink that generates bicarbonate as dissolved inorganic carbon (DIC). The 
DIC is transported to the ocean by rivers and released to the atmosphere in the form of  CO2 
through oceanic carbonate mineralization processes. The difference in the molar ratio of 
 CO2 consumed by silicate and carbonate weathering during this process suggests that only 
silicate weathering is a net atmospheric  CO2 sink (Berner et al. 1983; Berner 2003). There-
fore, evaluating weathering fluxes and clarifying their controlling factors are very impor-
tant for understanding the roles of rivers in the global carbon cycle and climate change on a 
geological timescale (Amiotte Suchet et al. 2003). However, it is difficult to determine the 
sensitivity of continental chemical weathering to climatic parameters (temperature and pre-
cipitation) and other potential controls such as physical denudation and vegetation (White 
and Blum 1995).

The Himalayas are the highest and steepest mountains in the world. Active physical 
denudation caused by ongoing uplift of the Himalayan–Tibetan Plateau and heavy rains 
associated with the Asian and Indian Monsoons increase chemical weathering rates in this 
region (Yin and Harrison 2000; Hodges 2006). Gaillardet et al. (1999) compiled data on 
large rivers in the world and estimated that approximately 20% of total global  CO2 con-
sumption occurs in the Himalayan river basins. According to the hypothesis of Raymo and 
Ruddiman (1992), the global cooling trend is observed since the Eocene may have been 
triggered primarily by high chemical weathering rates as a result of the newly uplifted 
Himalayan orogeny. Therefore, studying the chemical weathering rates in the Himalayas 
and their controlling factors is essential considering their crucial role in global carbon 
cycles and climate change.

Previous studies have used modeling approaches based on the chemical components 
of river water to estimate the total amount of chemical weathering in river basins and 
the relative contributions of different rocks (e.g., Galy and France-Lanord 1999). How-
ever, some early studies used only a small number of chemical property data observed in 
the lower reaches or only quoted from local government or private organization reports  
(Meybeck and Ragu 1997). Therefore, it is important to reevaluate the chemical com-
positions of these rivers to ensure accurate assumptions of total  CO2 consumption (e.g., 
Manaka et al. 2015a). Seasonal and spatial variations of the chemical components should 
be also carefully considered when evaluating total  CO2 consumption in the Himalayan 
river basins because the lithology and climate vary considerably from the upper to lower 
reaches and temperature, precipitation, and physical denudation have substantial effects on 
weathering intensity (Tipper et al. 2006; Rai and Singh 2007; Singh et al. 2008; Manaka 
et  al. 2017; Zhong et  al. 2017). Quantifying chemical weathering in each sub-basin and 
season is important not only for obtaining more plausible calculations of total  CO2 con-
sumption, but also for clarifying the effects of controlling factors, such as climate, topog-
raphy, geology, and human activities, on chemical weathering intensity (Wang et al. 2016; 
Bastia and Equeenuddin 2019; Samanta et al. 2019; Yu et al. 2019).

The Mekong River is one of the largest rivers in the Himalayas. It is the eighth larg-
est river in the world in terms of water discharge (approximately 467  km3/a) and the 
twelfth largest in terms of length (approximately 4650  km) (Meybeck and Ragu 2012). 
It transports 467 km3/a and 1.5 × 1014 g/a of water and sediment to the South China Sea, 
respectively (Meybeck and Ragu 2012). It is characterized by some of the most complex 



139Aquatic Geochemistry (2020) 26:137–159 

1 3

hydrologic, climatic, and physiographic features in the world; it originates from the arid 
Tibetan Plateau, then flows down the steep and geologically complex valleys to Southeast 
Asia under the influence of the monsoon. Despite its significance, the spatial variations 
of major element characteristics and related controlling mechanisms of the Mekong River 
have not been well studied, especially in the upper reaches. The water characteristics in the 
upper reaches have previously been reported by Wu et al. (2008a) and Noh et al. (2009); 
however, the number of data is particularly small in the dry season. For the lower reaches, 
Li et al. (2014) calculated the amount of chemical weathering based on internal data pro-
vided by the Mekong River Commission (MRC) for the twentieth century. In this study, we 
provide a new dataset of the chemical composition of the Mekong River from the lower to 
upper reaches in both the dry and rainy seasons. This research will contribute to our under-
standing of chemical weathering and element cycles not only in the Mekong Basin, but 
also in the other Himalayan rivers.

2  Methods

2.1  Study Area

The Mekong River originates in the eastern part of the Tibetan Plateau and flows through 
China, Myanmar, Laos, Thailand, Cambodia, and Vietnam, draining a 795000 km2 water-
shed to the ocean (MRC 2005). In this study, we divided the Mekong Basin into three 
general sub-basins, the upper Mekong Basin (UMB) in China (above Gajiu; 114500 km2), 
the middle Mekong Basin (MMB) (from Gajiu to Chiang Sean; 80500 km2), and the lower 
Mekong Basin (LMB) (below Chiang Sean; 600000  km2) (Fig.  1). From its headwaters 
in the high mountains running from north to south (~ 4500 m elevation), the river flows 
through relatively steep and narrow gorges in the UMB, with the rate of descent becoming 
more gradual as it approaches the South China Sea (Fig. 1).

Precipitation and air temperature data were collected in several cities in the Mekong 
Basin (Fig. S1). These data were provided by the Japan Meteorological Agency, which 
compiles data from meteorological stations in each country. The climate is strongly influ-
enced by the Asian and Indian Monsoons, which brings heavy summer rainfall. In the 
LMB and MMB, mean annual precipitation is 1370 mm and 1448 mm, respectively, more 
than 80% of which falls from May to December. In this study, we defined December to 
May and June to November as the dry and rainy seasons, respectively. The UMB is arid, 
especially in winter, and the mean annual precipitation is 450 mm. The mean annual air 
temperature of the Mekong Basin increases downstream, from 8 °C in the UMB to 28 °C in 
the LMB. Daily water level and discharge data of the Mekong River are monitored by the 
MRC in several cities in Laos, Thailand, Cambodia, and Vietnam. The water level in the 
rainy season fluctuates by up to 10 times more than that in the dry season. As the highest 
water level is observed in August or September, we subdivided the rainy season into the 
flooding season and subsiding season, as shown in Fig. 2b.

A lithological map of the Mekong Basin was obtained from the Coordinating Commit-
tee for Geoscience Programmes in East and Southeast Asia (CCOP) (Fig. S3). The Mekong 
River flows over a major Paleozoic–Mesozoic sedimentary sequence intercalated with 
evaporite rock in the UMB, which predominantly comprises folded sedimentary and Pre-
cambrian metamorphic rocks (sandstone, shale, schist, chert, and limestone). In the east-
ern margin of the Tibetan Plateau, called the “Three Rivers area,” where three large rivers 
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Fig. 1  Locations of study sites and monitoring stations on the Mekong River. Water sampling locations in 
the mainstream and the headwaters of small tributaries are represented by circles and rhombuses, respec-
tively. Inset shows the longitudinal profile of the Mekong River based on MRC (2005)
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(upper Mekong, Yangtze, and Salween Rivers) flow parallel within a range of only 100 km 
forming valleys up to 3000 m deep, the lithology is particularly complicated and includes 
volcanic rocks and plutonic felsic rocks, which were formed by collision of the Indian 
and Eurasian plates (Wang and Burchfiel 2000; Feng 2002). The surface lithology of the 
MMB is mainly Jurassic to Cretaceous carbonate consolidated sedimentary rocks and Car-
boniferous to Permian limestones (Xiaochi et al. 2003). The Precambrian basement with 
medium–highly metamorphic and predominantly granitic characteristics is also exposed 
around this area. The river flows through a strip of Quaternary alluvium in the northern 
part of the LMB then over Mesozoic sedimentary and metamorphic rocks (mainly sand-
stone and mudstone) until it reaches northern Cambodia where alluvium with outcrops of 
Triassic sedimentary rocks and Neogene basalts is exposed (Gupta et al. 2009). The litho-
logical compositions are as follows: 8.4% for sands and sandstones, 43.2% shales, 21.4% 
carbonate rocks, 18.2% shield rocks, 2.9% acid volcanic rocks, and 5.8% basalts (Amiotte 
Suchet et al. 2003).

2.2  Sampling Protocols

To evaluate the spatial and seasonal variations in the chemical composition of the Mekong 
River, we conducted field surveys to collect samples from the headwaters of small tributar-
ies in the Three Rivers area and the mainstream of the Mekong River (Figs. 1, S2). In the 
dry season, we collected six samples from the UMB and MMB (TLR survey; February 22‒
March 7, 2019), one sample from the Myanmar–Laos border (AR survey; May 7, 2016), 
and three samples from the LMB (CAM1 survey; February 23‒24, 2016). In the rainy 
season, we sampled the LMB during both the flooding season (CAM2 survey; July 9‒10, 
2016) and subsiding season (CAM3 survey; October 12‒14, 2016) because the amount 
of water differs significantly in the two seasons. In the LMB, we collected water samples 
upstream of the confluence of the Tonle Sap River to avoid the influence of the reverse 
flow from Lake Tonle Sap. These sampling points are not affected by seawater intrusion, 
as often observed in the Mekong delta in Vietnam (e.g., Tran et al. 2019). For data from 
the UMB during the rainy season, we cited those of Noh et al. (2009), who collected water 
samples from June to September. The sampling sites (in the format sampling survey—sam-
pling number) and the timing of each sampling survey (TLR, AR, CAM1, CAM2, CAM3) 
are shown in Figs. 1 and 2, respectively.

Fig. 2  Average monthly water discharge of the Mekong River from 2000‒2016 observed at: a Chiang Sean 
monitoring station, and b Kratie monitoring station. Data were obtained from the MRC. Arrows indicate 
the times of each survey
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Water temperature and pH were measured in  situ, simultaneous to water sample col-
lections for laboratory analysis. We used two portable pH meters (model 826 Mobile, 
Metrohm, and LAQUA twin pH-33B, Horiba) for pH measurements. Values were meas-
ured with an accuracy of ± 0.05 for each piece of equipment. Samples for laboratory analy-
sis were filtered thorough acetate membrane filters (pore size: 0.45 µm). Subsamples for 
each measurement procedure were stored separately in glass vials or polypropylene bottles. 
Samples for total alkalinity were immediately dosed with  HgCl2 to prevent further biologi-
cal activity.

2.3  Laboratory Analysis

Cation (Na, K, Ca, and Mg) concentrations were measured by inductively coupled plasma-
atomic emission spectrometry (iCAP-6300, Thermo Scientific) at National Institute of 
Advanced Industrial Science and Technology, Japan (AIST). Anion concentrations (Cl, 
 NO3, and  SO4) were measured at AIST and Japan Agency for Marine-Earth Science and 
Technology (JAMSTEC) using an ion chromatograph (930 Compact IC Flex, Metrohm 
AG and ICS-2100, Thermo Fisher Scientific Inc.). The analytical error for the ion con-
centrations was ± 3% (2 relative standard deviations) as estimated from the reproductiv-
ity of standard solutions. We measured the total alkalinities with an automated titrimetric 
analyzer (Radiometer, ABU91) through potentiometric titration at 25 °C. The two standard 
deviations of the measurements were within 10 µmol/kg. We calculated the  HCO3 and DIC 
concentrations from the in situ temperature, pH, and total alkalinity values using the car-
bonate equilibrium calculation program CO2calc (Robbins et al. 2010) based on the equi-
librium constants (K1 and K2) proposed by Millero (1979).

3  Results

3.1  pH, DIC, and Total Alkalinity

The pH was mildly alkaline for all analyzed samples, with mean values of 8.4 and 7.7 in 
dry and rainy seasons, respectively. High pH values were measured in the UMB and MMB 
and low values were measured in the LMB, especially in the rainy season. Total alkalinity 
and DIC values in the dry season were 1168‒2922 µEq/L and 1169‒2892 µmol/L, which 
were higher than those during the rainy season (512‒2444 µEq/L) and 518‒2471 µmol/L, 
respectively. Total alkalinity and DIC values were relatively low in the headwaters and sig-
nificantly higher in the mainstream of the Three Rivers area; the values then decreased 
downstream. Notably low values were recorded in the lower reaches in the rainy season. 
All pH, DIC, and total alkalinity data are listed in Table 1.

3.2  Dissolved Major Ions

Major element concentrations are listed in Table 1. The trilinear diagram of the major ion 
composition shows that the chemical properties of samples collected from surveys in dif-
ferent years could be grouped by the unique chemical characteristics of each sampling 
location (headwaters, UMB, MMB, and LMB) in the two different seasons (Fig. 3). There-
fore, we believe that our compiled data represent typical values of the Mekong River water 
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in each basin and season. The major element concentrations of this study did not deviate 
substantially from those determined by previous studies (Wu et al. 2008a; Manaka et al. 
2015b).

Total dissolved cation  (TZ+  = K+ + Na+ + 2Ca2+ + 2Mg2+) concentrations, as a 
measure of the total dissolved content, were 1597‒6381  µEq/L during the dry season. 
 TZ+ concentrations were 805‒3939  µEq/L in the rainy season, which were approxi-
mately one and a half to two times higher than those in the rainy season. Spatial varia-
tions of  TZ+ showed similar trends in both dry and rainy seasons, being relatively low 
in the headwaters (805‒3001 µEq/L), significantly higher in the mainstream of the UMB 
(1196‒6382 µEq/L), then decreasing progressively toward LMB (925‒2232 µEq/L) (Fig. 
S4). Total dissolved anion  (TZ− = Cl− + 2SO4

2− + NO3
−  + HCO3

−) concentrations fluctu-
ated in a similar way to  TZ+ for all analyzed samples and the normalized inorganic charge 
balance (NICB = (TZ+ − TZ−)/(TZ+ + TZ−)) ranged from −1 to 3%, which indicated that 
unanalyzed organic anions were only minor components.

4  Discussion

4.1  Chemical Characteristics of the Mekong River

The ternary diagram of the major ion compositions shows that all analyzed samples were 
calcium bicarbonate type, similar to the water chemistry characteristics of the Ganges, 
Brahmaputra, Ayeyarwady, and Yangtze Rivers, which all originate from the Himalayas 
(Li and Zhang 2005; Manaka et al. 2015a, b; Samanta et al. 2019). The highest  TZ+ and 
 TZ− concentrations were recorded in the upper reaches and were higher than those in the 
headwaters of different small basins (Table1; Fig. S4). This can be attributed to active 
chemical weathering in the mountainous area where active physical denudation increases 
the surface area for water–rock interaction (Fig. S2a). On the other hand,  TZ+ and  TZ− 
continued to decrease from the middle to lower reaches, which may be due to dilution with 
rainfall which increases as the Mekong River flows downstream. A similar trend can be 

Fig. 3  Trilinear diagram of the major ion composition of river water samples in: a the dry season, and b the 
rainy season. Data of Gaillardet et al. (1999) and Manaka et al. (2015b) are also shown
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seen in the Brahmaputra and Yangtze Rivers, which originate from the eastern Himalayas 
and flow under the influence of the monsoon (Singh et al. 2005; Wu et al. 2008b).

Considering that the balance of cations and anions is derived predominantly from the 
chemical weathering of continental rocks, it is unlikely to exhibit major changes unless 
intermixing occurs between waters from drainage basins with different lithologies. How-
ever, the ternary diagram shows that the water quality in the LMB varied significantly 
between the different seasons, whereas those in the UMB and MMB areas were approxi-
mately constant (Fig. 3). Therefore, we suggest that the water source in the LMB changes 
between dry and rainy seasons but is almost constant in the UMB and MMB.

4.2  Sources of Dissolved Load

4.2.1  Calculation Model

To reveal the spatial and seasonal characteristics of chemical weathering in the Mekong 
Basin, we calculated the contribution of silicate weathering to the total cationic charge bal-
ance in the river waters, i.e., the total alkalinity budget. There are many ways to estimate 
the relative contributions of the different sources (e.g., Bickle et  al. 2018); however, we 
used the forward modeling approach suggested by Galy and France-Lanord (1999), which 
has been used in previous studies on the Mekong River (Noh et al. 2009; Li et al. 2014; 
Manaka et  al. 2015b) and other rivers referred to in this paper (West et  al. 2005; Moon 
et al. 2007; Xu and Liu 2007, 2010; Chetelat et al. 2008; Li et al. 2009; Han et al. 2010; 
Wen et al. 2010; Wang et al. 2016; Bastia and Equeenuddin 2019). In this study, the model 
outline and calculation conditions followed those of Noh et  al. (2009), which considers 
reservoirs, rain (atmospheric), evaporite, anthropogenic input, silicate, and carbonate. The 
budget equation for any soluble element X in the river can be written as

where [X] represents the molar concentration of X. Subscript notations indicate the origin 
of the elements; “riv” and “rain” indicate river and rain waters; “evap” and “anth” indicate 
the input from evaporite dissolution and anthropogenic origins; and “sil” and “carb” repre-
sent the contribution from silicate and carbonate weathering, respectively.

It was necessary to correct for the inputs from rain in order to distinguish the litho-
logical origins of the dissolved load. Cl concentrations are very low in all rocks except 
evaporite, which is the most useful reference for evaluating rain inputs to rivers (e.g., 
Négrel et al. 1993; Roy et al. 1999). However, we did not analyze rainwater chemistry in 
the Mekong Basin, and the lowest Cl concentration in the headwater (TLR-04, 3.6 µmol/L) 
was assumed to have been supplied entirely by rain, imitating the assumption of Noh et al. 
(2009). We calculated the concentrations of other major ions in rain using the elemental 
ratios in precipitation for Lhasa, Tibet  ([Cl]rain/[Na]rain = 2.35,  [SO4]rain/[Na]rain = 1.78, 
 [K]rain/[Na]rain = 2.13,  [Ca]rain/[Na]rain = 17.04,  [Mg]rain/[Na]rain = 0.65) (Zhang et al. 2003). 
These ratios are similar in order throughout the entire basin (Li et al. 2014 and references 
therein).

Following the rain correction, we estimated the contributions from evaporites and 
anthropogenic inputs. Cl,  SO4, and Na often have suspected anthropogenic origins from 
sources such as agricultural fertilizers, animal waste, and municipal and industrial effluents 
(Li et al. 2009, 2014; Han et al. 2010). However, their contributions to K, Ca, and Mg were 
negligible because their anthropogenic sources are minor. We assumed that all Cl in river 

(1)[X]riv = [X]rain + [X]evap + [X]anth + [X]sil + [X]carb,
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water remaining after the rain correction originated from halite and anthropogenic inputs, 
and that all  SO4 originated from gypsum/anhydrite and anthropogenic inputs. As it is dif-
ficult to accurately distinguish between halite and anthropogenic sources, both were evalu-
ated together in this study.

The majority of Na remaining after rain, halite, and anthropogenic input corrections, 
as well as the majority of remaining K after the rain correction, are derived from silicate 
weathering (Wu et  al. 2008a).  Casil and  Mgsil are obtained from  Nasil using appropriate  
(Ca/Na)sil and (Mg/Na)sil ratios. For the broad Mekong Basin, we do not have a compre-
hensive dataset of the wide variety of local bedrock, which ranges from mafic to felsic 
volcanic and plutonic rocks. Therefore, we assumed a wide range of values, i.e., (Ca/
Na)sil = 0.35 ± 0.15 (mol/mol), (Mg/Na)sil = 0.24 ± 0.12 (mol/mol), which were based 
on different river basins all over the world (Gaillardet et al. 1999). This range covers the 
assumed values used in previous studies for Himalayan river basins including the Yangtze 
(Chetelat et al. 2008), Red (Moon et al. 2007), and Ganges–Brahmaputra Rivers (Galy and 
France-lanord 1999).

Given these ratios, the cationic charge contributions (%) derived from rain (CAT rain), 
evaporite + anthropogenic inputs (CAT evap+anth), silicate (CAT sil), and carbonate (CAT carb) 
to the cationic charge balance (total alkalinity budgets) can be calculated as follows, where 
the sample analysis results are listed in Table1:

(2)[Na]evap + [Na]anth = [Cl]evap + [Cl]anth = [Cl]river − [Cl]rain

(3)[Ca]evap +
[

Mg
]

evap
=
[

SO4

]

evap
+

[

SO4

]

anth
=
[

SO4

]

riv
−

[

SO4

]

rain

(4)[Na]sil = [Na]riv − [Na]rain − [Na]evap − [Na]anth

(5)[K]sil = [K]riv − [K]rain

(6)[Ca]sil = [Na]sil × (Ca∕Na)sil

(7)
[

Mg
]

sil
= [Na]sil × (Mg∕Na)sil

(8)
CATrain = 100 ×

(

[Na]rain + [K]rain + 2 × [Ca]rain + 2 ×
[

Mg
]

rain

)

∕
(

[Na]riv + [K]riv + 2 × [Ca]riv + 2 ×
[

Mg
]

riv

)

(9)
CATevap+anth = 100 ×

(

[Na]evap + [Na]anth + 2 × [Ca]evap + 2 ×
[

Mg
]

evap

)

∕
(

[Na]riv + [K]riv + 2 × [Ca]riv + 2 ×
[

Mg
]

riv

)

(10)
CATsil = 100 ×

(

[Na]sil + [K]sil + 2 × [Ca]sil + 2 ×
[

Mg
]

sil

)

∕
(

[Na]riv + [K]riv + 2 × [Ca]riv + 2 ×
[

Mg
]

riv

)
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(11)

CATcarb = 100 ×
{

2 ×
(

[Ca]riv − [Ca]rain − [Ca]evap − [Ca]sil
)

+2 ×
(

[

Mg
]

riv
−

[

Mg
]

rain
−

[

Mg
]

evap
−

[

Mg
]

sil

)}

∕
(

[Na]riv + [K]riv + 2 × [Ca]riv + 2 ×
[

Mg
]

riv

)

Fig. 4  Total contributions of silicate weathering, carbonate weathering, evaporite dissolution anthropogenic 
inputs, and rain to the total cationic charge balance for each sample, as well as total alkalinity values. The 
values of several headwater samples from different small tributaries in the upper Mekong Basin (UMB) 
are plotted at the left of each graph. The legend for each point is the same as that in Fig. 3. Open circles 
represent data from the flooding season (October) in the LMB. The left and right columns represent dry and 
rainy seasons, respectively
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4.2.2  Spatial and Seasonal Variations

The cationic charge contributions (CATs) in the mainstream of the Mekong River exhib-
ited spatial and seasonal fluctuations (Fig.  4). To visualize these characteristics and the 
controlling factors, we plotted Na-normalized Mg concentrations relative to Na-normalized 
Ca concentrations (Fig. 5). As first pointed out by Gaillardet et al. (1999), this plot illus-
trates mixing among silicate, carbonate, and evaporite weathering. The end members were 
estimated using data from small rivers draining a single lithology. It is evident that large 
seasonal variations in the source of the dissolved load in the LMB, whereas the source is 
almost constant in the MMB and UMB.

The CAT carb values were 35.7‒72.3%, which were remarkably higher than the CAT sil 
values of 3.8‒22.7% (Table1), which is consistent with previous research (Wu et al. 2008a; 
Li et  al. 2014). Our results suggest that the Mekong River is dominated by carbonate 
weathering. The CAT sil values were relatively high in the UMB and decreased as it flowed 
in the MMB before increasing again in the LMB, except for during the flooding season. 
The CAT carb values were low in the UMB and higher in the MMB. These trends in the 
relative ratios of CAT sil and CAT carb are approximately consistent with the predominant 
geological features associated with each basin (see Sect.  2.1 and Fig. S3). In the UMB, 
volcanic rocks and plutonic felsic rocks intruding in the Three Rivers area promote silicate 
weathering. The MMB mainly consists of carbonate consolidated rocks and limestones, 

Fig. 5  Variations of Na-normalized Mg relative to Na-normalized Ca on: a logarithmic, and b linear scales. 
Dry and rainy season data are shown on the left (a-1 and b-1) and right (a-2 and b-2), respectively. Data 
from the dry season are also shown in (b-2) to illustrate the seasonal changes of these ratios in the lower 
Mekong Basin (indicated by arrows). End-member reservoirs (silicate, carbonate, and evaporite) were esti-
mated by Gaillardet et al. (1999)
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which enhance carbonate weathering. In the LMB, relatively siliceous sandstone and 
mudstone prevail, which may increase CAT sil, except for during the flooding season. The 
significant decrease in CAT sil values in the flooding season is balanced by an increase in  
CAT evap+anth (Figs. 4, 5), which seems to be controlled by seasonal water level fluctuations 
in the LMB, as discussed below.

The CAT evap+anth values were 15.4‒50.3%. They were relatively high in the UMB, lower 
downstream, and lowest in the LMB, except for during the flooding season. High values 
in the UMB can be attributed to significantly high evaporation in the source areas in the 
eastern Tibetan Plateau (e.g., Zhang et al. 2009; Ma et al. 2016). High evaporite contribu-
tions (45‒83%) to the total dissolved loads were also reported in the upper reaches of the 
Yangtze and Yellow Rivers, which originate from the Tibetan Plateau (Li and Zhang 2005; 
Wu et al. 2008b). In the MMB, CAT evap+anth values decreased due to dilution.

Large seasonal variations of CAT evap+anth in the LMB may be attributed to consider-
able changes in the river water level and subsequent flooding. Remarkably higher (i.e., 
almost doubled) Na, Cl, and  NO3 concentrations were recorded in the flooding season 
than in the dry season. This could be attributed to the large water discharge and high river 
water level during the rainy season, which causes heavy flooding every year in Cambodia 
(MRC, 2005). Floods provide abundant nutrients to surface soils in the hinterland, which 
support high biological production. A wide range of the hinterland in the LMB is used as 
rainfed cropland (Pokhrel et  al. 2018). Solar salt production also becomes popular dur-
ing the dry season in northeastern Thailand, Khorat Plateau, where large salt-bearing sedi-
mentary rocks and halite are distributed (El Tabakh et al. 1999). In the flooding season, 
the expanded river dissolves the nutrient salts originating from the residues of the previ-
ous year’s flood, as well as domestic waste, compost, and solar salts deposited during the 
dry season. Extremely high Cl concentrations in the tributaries (i.e., Chi and Mun Rivers) 
flowing through Khorat Plateau were observed in July (Manaka et al. 2015b), which can 
affect the water characteristics in the main current of the river. High  NO3 concentrations in 
the main current during the flooding season (June‒July) were often observed in the lower 
reaches of the Mekong River (Iida et al. 2007; Oeurng et al. 2016). In 2016, when we sam-
pled water in Cambodia, a maximum water level of 12 m was recorded in August, which 

Fig. 6  Schematics of the seasonal variations in the water environment in the lower Mekong Basin in 2016. 
 NO3 and Cl concentrations, and Cl/Na ratios (mol/mol) in each season at the same location (CAM1-9, 
CAM2-12, and CAM3-14) are shown in the lower left of the figures
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is approximately five to six times higher than that in the dry season (January‒May) (MRC, 
2016). Our results showed that the increase in  NO3 and Cl concentrations coincide with 
the increased water level around June (Table  1). Chemical ratios of Cl/Na and  NO3/Na 
reflect the relative sources of these elements, including salts and agricultural chemicals 
(Roy et  al. 1999). A higher Cl/Na and  NO3/Na ratio in the flooding season than in the 
other seasons suggests that high Cl and  NO3 contents are not only due to the dissolution 
of evaporating residue but also from anthropogenic activities such as fertilizers, communal 
effluents, and industrial sewage (Fig. 6). After these remains are dissolved in the expanded 
Mekong River, CAT evap+anth values become low in the subsiding season. The floodwater 
leaves a large amount of residue in the hinterland during the subsequent rapid decrease in 
the river water level, which remains in place until the next flooding season (Fig. 6). This 
interpretation is also seen in the seasonal cycle of water properties in the mixing model 
(Fig. 5). Our results suggest that local hydrological phenomena induced by annual flooding 
and subsiding can also affect the CATs balance in the Mekong River. Therefore, we should 
carefully consider such effects when we assume the total amount of silicate and carbonate 
weathering in the entire basin based on water chemical compositions observed in the lower 
reaches.

The CAT rain values were relatively small (0.9‒7.4%) in all sampling sites, especially in 
the dry season. Relatively high values were recorded in the headwaters and lower reaches, 
which represented the shorter reaction time with rocks and high precipitation in the LMB, 
respectively. We can also see that CAT rain increased as rainfall in the LMB increased from 
February (the dry season) to July (the flooding season) and October (the subsiding season) 
(Fig. 4).

4.3  CO2Consumption Rates

In the above discussion, we revealed the spatial and seasonal variations in the sources of 
dissolved loads in Mekong River water. Therefore, for an accurate estimate of  CO2 con-
sumption in the river basins using the chemical data of the river water, these changes 
should be carefully included in the calculation. Total  CO2 consumption in each sub-basin 
and season was determined using the following cation concentration methodology intro-
duced by previous studies (Wu et al. 2008a; Noh et al. 2009; Manaka et al. 2015b). Cations 
derived from silicate and carbonate weathering lead to the following equations for calculat-
ing  CO2 consumption due to weathering.

(12)ΦCO2evap+anth = 0

(13)ΦCO2sil = ([Na]sil + [K]sil + 2 × [Ca]sil + 2 ×
[

Mg
]

sil
) × total runoff

(

km3
)

(14)
⊘CO2sil = ([Na]sil + [K]sil + 2 × [Ca]sil + 2 ×

[

Mg
]

sil
) × discharge

(

km3∕a
)

∕ drainage area
(

km2
)

(15)ΦCO2carb =
(

[Ca]carb +
[

Mg
]

carb

)

× total runoff
(

km3
)

(16)⊘CO2carb =
(

[Ca]carb +
[

Mg
]

carb

)

× discharge
(

km3∕a
)

∕ drainage area
(

km2
)
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According to these equations, the chemical weathering in the LMB (ΦCO2, LMB) can be 
expressed as:

 where ΦCO2 and øCO2 denote total  CO2 consumption (mol) and rate per drainage area 
(mol/km2 a), and “out” and “in” represent the river outlet and inlet of the sub-basin, 
respectively.

Monthly river discharge data are available from the monitoring stations in Chiang Sean 
and Kratie operated by the MRC, which are located at the boundary of the UMB and MMB 
and in the lower reaches of the LMB, respectively (Figs. 1, 2). Therefore, we separately 
calculated  CO2 consumption in the dry and rainy seasons for the UMB & MMB (above 
Chiang Sean monitoring station), and for the LMB (from Kratie monitoring station to Chi-
ang Sean monitoring station), respectively. The monthly average flow rate from 2000 to 
2016, which covers all sampling surveys in this study, was used for the calculation. This 
separation also reflects the differences of topography and climate in the Mekong Basin, 
e.g., mountainous and arid in the UMB & MMB and relatively flat and wet in the LMB 
(Figs. 1, S1). In the dry season, the mean chemical composition data of TLR-14 and AR-1 
were used for the calculation in the UMB and MMB, whereas the mean data of CAM1-
8, CAM1-9, and CAM1-11 were used for calculations in the LMB. For the rainy season, 
the mean data of RD-126 and RD-129 were most representative of the UMB and MMB 
because they are close to the Chiang Sean monitoring station. For the LMB, we used the 
mean of CAM2-12 and CAM2-14 for the flooding season, and the mean of CAM3-14 and 
CAM3-18 for the subsiding season. The calculation results are shown in Table 2.

The ΦCO2sil and ΦCO2carb values in the rainy season were three to five times larger than 
those in the dry season both in the UMB & MMB and LMB (Fig. 7). The chemical weath-
ering rates are governed by multiple parameters including fresh mineral supply rates and 
climate factors (Riebe et al. 2004; West et al. 2005). The warm and humid climate condi-
tions as well as the abundant mineral supplies with increasing river flow during the rainy 
season promote chemical weathering (Brady and Carroll 1994; White and Blum 1995; 
Dalai et al. 2002; West et al. 2005; Li et al. 2016). Enhanced chemical weathering rates 
during the rainy season have also been suggested for the other river basins in monsoon 
Asia (e.g., Bastia and Equeenuddin 2019).

The ΦCO2sil and ΦCO2carb values in the UMB & MMB were almost comparable to 
those in the LMB, even though the area and water discharge of the UMB & MMB were 
only one-third and one-fifth of those in the LMB, respectively (Table  2). Both øCO2sil 
and øCO2carb values in the UMB & MMB were approximately double those in the LMB 
although the climate in the lower basin is warmer and damper than that in the upper 
basin (Fig. 7). This suggests that the amount of mineral supply limits chemical weather-
ing rather than climate factors. Despite the water discharge differing by five times, the 
amount of suspended sediment generated in the UMB & MMB (195  km2) is approxi-
mately 70‒80 × 109  kg/a, which is almost comparable to that of the LMB (600  km2) at 
80‒90 × 109 kg/a (Liu et  al. 2013). Active physical denudation in the mountainous areas 
increases the surface area for water–rock interaction and enhances the chemical weathering 
rate (Millot et al. 2002; Riebe et al. 2004; Singh et al. 2005; Wu et al. 2008b). Relatively 
high chemical weathering rates in the upper basins have also been observed in the other 
Himalayan rivers, such as the Yellow and Brahmaputra Rivers (Wang et al. 2016; Samanta 
et al. 2019). Large temperature differences between day and night, combined with freezing 
and thawing processes in the Himalayas may lead to a higher physical erosion rate (Huh 

(17)ΦCO2,LMB = ΦCO2,out, Total basin − ΦCO2,in,UMB&MMB
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and Edmond 1999). In addition, due to the high elevation of ice-covered mountains with 
deep valleys, water from ice and snow melting may travel long distances and be subjected 
to several leaching and oozing processes before flowing into the river, and the relation-
ships between recharge and discharge of groundwater and surface waters can be reversed, 
resulting in intense water–rock interactions (Cheng and Jin 2013). Our results suggest that 
a higher physical denudation rate in the upper basins leads to a significant increase in the 
chemical weathering rate.

Summing up the  CO2 consumption for the entire Mekong Basin is 48‒70 × 109 mol/a 
and 148‒159 × 109 mol/a due to silicate and carbonate weathering, respectively. These val-
ues were less than half the previous estimates by Gaillardet et al. (1999), according to a 
similar calculation model (Table 2). These discrepancies cannot be attributed to differences 
in the climate between previous studies and our survey years because changes in annual 
temperature and precipitation in the previous 50  years have been limited to within 5% 
(Pokhrel et al. 2018). Moreover, the reduction of water discharge due to dam construction 
in the 1990s is less than 10% (Pokhrel et al. 2018), which also cannot account for these dif-
ferences. Our results are also smaller than those assumed by Li et al. (2014), using differ-
ent mass balance calculations and estimating the contributions of evaporite dissolution and 
anthropogenic inputs to certain small values (Table 2). However, as discussed in Sect. 4.2, 
these contributions may fluctuate seasonally by as much as one-third of the total cationic 
charge balance in the flooding season; therefore, we disagree with their assumption.

Thus, we propose that multiple inter-basin and inter-season calculations that consider 
various reactions that supply elements to river water are necessary for the accurate estima-
tion of chemical weathering fluxes in the Mekong Basin. This approach should also be 
applied to other Himalayan rivers because of the large seasonal and spatial variations in 
weathering reactions in the lower reaches. Therefore, the total amount of  CO2 consumption 
in the Himalayas as assessed by Gaillardet et  al. (1999) should be carefully reviewed to 
correctly evaluate the contribution of chemical weathering to global climate change.

Fig. 7  Net  CO2 uptake rates by: a silicate weathering, and b carbonate weathering
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5  Conclusions

To understand the spatial and seasonal variations of chemical weathering in the Mekong 
Basin, we separately estimated the source of dissolved ions and calculated the net  CO2 con-
sumption rates from the upper to lower basin, in the dry and rainy seasons using multiple 
water chemistry data. The following major conclusions were drawn:

1. Changes in the assumed relative contributions of rain, anthropogenic inputs, evaporite 
dissolution, and silicate and carbonate weathering to the cationic charge balance of river 
water reflect the geological and climate variations from the upper to lower basins. In the 
lower reaches, large seasonal water level fluctuations and related floods also influence 
water quality.

2. The chemical weathering rates in the rainy season were three to five times higher than 
those in the dry season, which may be attributed to high temperature and precipitation.

3. In the middle to upper basin, strong physical denudation enhanced the chemical weath-
ering rate, resulting in approximately twice the  CO2 consumption as high as that in the 
lower basin.

4. The total  CO2 consumption in the Mekong Basin was almost half that of previous 
estimates, which suggests that numerous sampling efforts, covering entire basins and 
seasons, are important for ensuring accurate assessments of chemical weathering in 
large Himalayan river basins.
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