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Abstract Weathering of rocks that regulate the water chemistry of the river has been

used to evaluate the CO2 consumption rate which exerts a strong influence on the global

climate. The foremost objective of the present research is to estimate the chemical

weathering rate (CWR) of the continental water in the entire stretch of Brahmaputra River

from upstream to downstream and their associated CO2 consumption rate. To establish the

link between the rapid chemical weathering and thereby enhance CO2 drawdown from the

atmosphere, the major ion composition of the Brahmaputra River that drains the Himalaya

has been obtained. Major ion chemistry of the Brahmaputra River was resolved on samples

collected from nine locations in pre-monsoon, monsoon and post-monsoon seasons for two

cycles: cycle I (2011–2012) and cycle II (2013–2014). The physico-chemical parameters of

water samples were analysed by employing standard methods. The Brahmaputra River was

characterized by alkalinity, high concentration of Ca2? and HCO3
- along with significant

temporal variation in major ion composition. In general, it was found that water chemistry

of the river was mainly controlled by rock weathering with minor contributions from

atmospheric and anthropogenic sources. The effective CO2 pressure (logPCO2
) for pre-

monsoon, monsoon and post-monsoon has been estimated. The question of rates of

chemical weathering (carbonate and silicate) was addressed by using TDS and run-off

(mm year-1). It has been found that the extent of CWR is directly dependent on the CO2

consumption rate which may be further evaluated from the perspective of climate change
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mitigation The average annual CO2 consumption rate of the Brahmaputra River due to

silicate and carbonate weathering was found to be 0.52 (9106 mol Km-2 year-1) and 0.55

(9106 mol Km-2 year-1) for cycle I and 0.49 (9106 mol Km-2 year-1) and 0.52

(9106 mol Km-2 year-1) for cycle II, respectively, which were significantly higher than

that of other Himalayan rivers. Estimation of CWR of the Brahmaputra River indicates that

carbonate weathering largely dominates the water chemistry of the Brahmaputra River.

Keywords Brahmaputra River � Water chemistry � Weathering � CO2 consumption rate �
Climate change

1 Introduction

Rivers are major components of the global water cycle which play an important role in the

geochemical cycling of elements. Both natural and anthropogenic sources supply dissolved

and particulate loads to rivers which are responsible for changing water chemistry.

Chemical weathering is a dominant natural process that consumes atmospheric CO2 and

transforms it to dissolved HCO3
- in continental waters. Thus, weathering of silicates and

carbonates represent an important carbon sinks of varied scales (Li et al. 2011; Sun et al.

2010; Jha et al. 2009). The chemical composition of river water is of great importance for

quantifying the dissolved load, pinpointing sources of major ions, estimating chemical

weathering rates and associated CO2 consumption (Das et al. 2005; Jha et al. 2009; Sharma

and Subramanian 2008).

Studies on weathering and CO2 consumption rate have been carried out worldwide, on

watersheds, catchment areas and river basins. In India, studies on chemical weathering and

CO2 consumption rate chiefly focus on the large basins formed by the Himalayan (Sarin

et al. 1989; Galy and France-Lanord 1999; Singh et al. 2006) and Peninsular rivers

(Dessert et al. 2001; Das et al. 2005; Jha et al. 2009). The Himalayan rivers have been

extensively used to study CO2 consumption rate due to effect of tectonics and high

physical erosion rate (Sarin et al. 1989; Krishnaswami et al. 2005). A large number of

studies demonstrated that natural factors such as lithology, temperature, run-off, relief and

vegetation are dominant controls of water chemistry (Gaillardet et al. 1999; Horowitz et al.

1999; Grasby and Hutcheon 2000; Millot et al. 2002). Since the Cenozoic period, origin

and evolution of the Himalaya have contributed towards enhanced silicate weathering,

thereby increasing CO2 drawn from the atmosphere (Raymo et al. 1988). This accelerated

chemical denudation rate due to high relief, high rainfall, melting of snow, rapid tectonic

uplift and high stream power generate high rates of chemical change (Hren et al. 2007).

Thus, the Himalayan rivers have received special but scattered attention in recent years for

determining CO2 consumption rate.

The Brahmaputra River, true to its Himalayan origins, experiences enhanced weathering

due to rapid rock uplift, intense physical weathering and heavy monsoonal precipitation

that enable it to consume an increased amount of CO2 from the atmosphere (Singh et al.

2004, 2006). It was reported that this river transports 73 million tons of dissolved material

annually, which accounts for approximately 4 % of the total dissolved flux to the world’s

ocean (Krishnaswami et al. 2005; Hren et al. 2007). Due to high chemical budgets of the

Brahmaputra River, it is important to investigate its weathering and associated CO2 con-

sumption rate in order to estimate its influence on global CO2 budget. In previous studies
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involving estimation of CO2 consumption and weathering rate, only one or two sample

sites in Assam had been covered, and therefore, this is the first attempt to study the

continuous stretch of the Brahmaputra River (from upstream (Guijan) to downstream

(Dhubri)) covering both banks, aimed to arrive at a comprehensive understanding of

weathering and CO2 consumption rate of river and its contribution towards climate change

mitigation.

The present study has been carried out with an objective to estimate the weathering and

associated CO2 consumption rate on the 891 km stretch of (from Guijan to Dhubri)

Brahmaputra River during the two monsoon cycles with a gap of 1-year period from

February 2011 to May 2014. The study also focuses on spatial and temporal variations,

effect of monsoon, long-term comparison and shift in change of CO2 consumption.

2 Study Area

The Brahmaputra River is the fifth largest river in the world (Berner and Berner 1996) with

respect to discharge and second in terms of sediment transport per unit area (Milliman and

Meade 1983). The River has high seasonal variation, a high sediment load, is characterized

by frequent changes in channel position (Thorne et al. 1993). The Brahmaputra River

originates on the Angsi Glacier, located on the northern side of the Himalayas in Burang

County of Tibet, at an elevation of 5300 m above mean sea level (Sarin et al. 1989).

The Brahmaputra River has a drainage area of 580,000 km2 (50.5 % in China, 33.6 %

in India, 8.1 % in Bangladesh and 7.8 % in Bhutan) and an annual mean discharge of

510 km3 (Subramanian 2004). The width of the river varies from 3 km to 18 km with an

average of 10 km in the plains of Assam and Bangladesh. The Brahmaputra River is

subjected to the Southeast Asian Monsoonal regime with a mean annual rainfall of

2300 mm out of which approximately 90 % of the rainfall occurs during the period from

April to September. Because of abundant precipitation, erosion is at a maximum during

this period. The geology of the Brahmaputra valley of Assam consists of the Higher and

Lesser Himalaya sequences that consists of schists, marbles with amphibolites, and

Fig. 1 Map of the study area illustrating the Brahmaputra River with sampling locations from Guijan to
Dhubri (upstream to downstream)
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quartzites (Sarin et al. 1989). The Brahmaputra system of Assam Plains consists of older

and newer alluvium deposits. Alluvium formed during the Pleistocene age (older alluvium)

is found in slightly undulating areas on both sides of the Brahmaputra River, the new

alluvium soils near the river consist of alluvial materials washed down from the highland

areas.

3 Materials and Methods

3.1 Sample Collection and Analytical Method

The river water samples (n = 54) were collected in three different seasons during 2011 to

2014—cycle I: pre-monsoon (February 2011), monsoon (September 2011) and post-

monsoon (January 2012) followed by cycle II: pre-monsoon (April 2013), monsoon

(December 2013) and post-monsoon (May 2014). The collection areas covered nine sites

starting from upstream to downstream of the Brahmaputra River, i.e. Guijan, Romeria,

Dibrugarh, Jorhat, Dhansiri Mukh, Tezpur, Guwahati, Jogighopa and Dhubri, as shown in

Fig. 1. Water samples were collected in 250 and 125 ml polypropylene bottles. In 125-ml

polypropylene bottle, water samples were filtered using 0.45-lm Millipore filters and

preserved by acidification with HNO3
- acid. In situ measurements included pH, electrical

conductivity (EC) and total dissolved solid (TDS) which were measured using Multipa-

rameter Water Quality Portable Meter (Hanna model-HI 9828) and bicarbonate (HCO3
-)

was measured by potentiometric titration method in unfiltered samples. For other param-

eters, samples were preserved in sampling kits maintained at 4 �C until analysis (Kumar

et al. 2009b). The major ion analyses were conducted as per the standard methods pre-

scribed by American Public Health Association 2005 [calcium (Ca2?) and magnesium

(Mg2?) ICP-OES]; [sodium (Na?) and potassium (K?), flame photometer]; [phosphate

(PO4
3-)], [dissolved silica (H4SiO4), sulphate (SO4

2-), nitrate (NO3
-),UV spectropho-

tometer]; [chloride (Cl-), titration method]. Statistical analyses (ANOVA and PCA) were

performed using SPSS version 22.0.

4 Results and Discussion

4.1 Spatio-Temporal Variation of Major Ions of the Brahmaputra River

4.1.1 Spatial Variation

There was not much variation in pH of river water and found to be slightly neutral to

alkaline in nature. EC and concentration of TDS was found to be high in downstream

location (B7 and B9) during pre-monsoon and post-monsoon seasons which may be due to

various anthropogenic activities such as dredging, sand recovery, transportation of ferry,

fishing, cremation on the banks and cultivation. High HCO3
- concentration was found at

S1 and S7 which may be due to seasonal and anthropogenic factors. SO4
2- concentration

was maximum at B5 and B8; its increase towards downstream of the river indicating

anthropogenic influence. Cl- concentration was found to be high at B5 and B6. Maximum

NO3
- and PO4

3- content found in upstream locations could be attributed to the presence of

several tea gardens and populated villages with cultivable land along the river bank.
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Table 1 Statistical summary of the chemical composition of the Brahmaputra River water samples in pre-
monsoon, monsoon and post-monsoon seasons for cycle I (2011–2012) and cycle II (2013–2014)

Variable Pre-monsoon Monsoon Post-monsoon

Range Range Range Range Range Range
2011–2012 2013–2014 2011–2012 2013–2014 2011–2012 2013–2014

(a)

pH 6.45–7.95 7.03–8.46 7.0–7.72 6.48–7.92 7.38–8.24 7.23–7.87

EC (lS/cm) 167–272 129–147 81–162 105–198 92.6–160 102–192

TDS (mgL-1) 112–182 86.4–117 54.3–108 70.3–133 62.0–107 68.3–129

HCO3
- (lM) 1721–2951 1081–2213 1230–1721 820–1967 984–1557 1147–1967

Cl- (lM) 66.5–240 70.4–175 98.6–320 98.6–239 99.2–290 90.1–211

NO3
- (lM) 18.4–19.7 18.1–19.8 19.0–19.8 17.7–27.4 18.1–20.0 18.1–29.2

SO4
2- (lM) 108–216 39.6–229 131–437 107–396 36.7–107 97.9–216

PO4
3- (lM) 0.46–0.87 0.64–2.31 0.41–1.03 0.31–1.54 0.44–0.67 0.54–1.54

H4SiO4 (lM) 13.6–41.4 30.3–120 33.3–127 42.2–148 1.27–45.8 25–70

Na? (lM) 235–426 239–450 226–539 274–504 187–491 283–478

K? (lM) 43.6–64.1 30.8–103 46.1– 64.1 53.8–97.4 38.5–59.0 56.4–100

Ca2? (lM) 487–825 325–700 368–598 397–700 275–556 425–850

Mg2? (lM) 200–475 175–442 137–340 137–283 107–257 117–258

TZ? (lEq) 1776–2946 1484–2363 1660–2092 1560–2233 1347–1969 1563–2535

TZ?– (lEq) 2156–3494 1793–2498 1919–2532 1820–2644 1479–2048 1552–2469

Variable Pre-monsoon Monsoon Post-monsoon

Avg ± SD Avg ± SD Avg ± SD Avg ± SD Avg ± SD Avg ± SD
2011–2012 2013–2014 2011–2012 2013–2014 2011–2012 2013–2014

(b)

pH 7.48 ± 0.41 7.36 ± 0.47 7.41 ± 0.22 7.58 ± 0.43 7.85 ± 0.30 7.91 ± 0.21

EC (lS/cm) 195 ± 31.2 147 ± 17.2 115 ± 26.0 139 ± 26.6 121 ± 21.9 135 ± 31.2

TDS (mgL-1) 138 ± 20.9 98.8 ± 11.6 91.4 ± 41.8 93.4 ± 17.8 58.3 ± 44.3 90.5 ± 20.9

HCO3
- (lM) 2058 ± 385 1657 ± 321 1403 ± 156 1559 ± 334 1281 ± 180 1504 ± 258

Cl- (lM) 145 ± 49.2 119 ± 35.6 180 ± 70.9 162 ± 43.3 178 ± 67.4 134 ± 36.8

NO3
- (lM) 19.0 ± 0.54 18.8 ± 0.53 19.5 ± 0.24 21.3 ± 3.40 19.2 ± 0.66 20.5 ± 3.38

SO4
2- (lM) 166 ± 36.1 229 ± 56.0 271 ± 111 396 ± 121 65.9 ± 24.9 216 ± 41.0

PO4
3- (lM) 0.64 ± 0.14 1.22 ± 0.57 0.64 ± 0.20 0.80 ± 0.43 0.57 ± 0.07 1.0 ± 0.33

H4SiO4 (lM) 28.4 ± 9.34 62.6 ± 24.8 64.5 ± 29.0 82.7 ± 32.9 13.6 ± 14.0 42.2 ± 15.8

Na? (lM) 308 ± 61.7 329 ± 80.0 359 ± 104 338 ± 78.0 354 ± 95.4 360 ± 64.1

K? (lM) 51.8 ± 6.38 67.2 ± 21.5 55.8 ± 6.88 76.6 ± 15.6 47.5 ± 6.30 69.8 ± 12.3

Ca2? (lM) 597 ± 102 494 ± 131 470 ± 73.1 533 ± 113 419 ± 86.1 636 ± 147

Mg2? (lM) 277 ± 82.4 247 ± 79.3 254 ± 63.9 212 ± 47.8 186 ± 46.5 166 ± 43.0

TZ? (lEq) 2108 ± 349 1882 ± 270 1361 ± 209 1864 ± 141 1612 ± 206 2032 ± 346

TZ?– (lEq) 2534 ± 416 2174 ± 233 2434 ± 143 2209 ± 216 1779 ± 182 1959 ± 257

SD standard deviation

Avg average
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H4SiO4 content was found to be high at B9. Na? concentration was found to be high at B2

and B6, K? concentration was found to be higher at B1 and B8. The concentration of Ca

and Mg shows increasing trend from upstream to downstream.

4.1.2 Temporal Variation

A comparative statistical summary of the Brahmaputra River water chemistry from dif-

ferent seasons during 2011–2012 (cycle I) and 2013–2014 (cycle II) is presented in

Table 1. High pH value in pre-monsoon and post-monsoon seasons indicates the alkaline

nature of the river. Fluctuations in pH values during different season of the year were

attributed to factors such as removal of CO2 by photosynthesis through bicarbonate

degradation, dilution of water with freshwater influx, reduction in temperature and

decomposition of organic matter (Rajasegar 2003). Average EC value was found to be high

in pre-monsoon season and low in monsoon season. Maximum EC values for pre and post-

monsoon seasons were due to high concentrations of dissolved salts and the presence of

more alluvial-derived soil (entisol, inceptisol, alfisol) and less resistant minerals in the

catchment area. Low EC values during monsoon may be due to dilution effect by rain

water. TDS is derived from the chemical weathering of the basin. Average TDS values

were found to be high during pre-monsoon season for both the cycles. It was found that in

the post-monsoon season TDS values increased due to increase in dissolved minerals. A

good correlation was found between EC and TDS indicating that EC is a measure of TDS.

Bicarbonate (HCO3
-) was the dominant dissolved anion with an average value high in

pre-monsoon and monsoon seasons for cycle I and cycle II, respectively, which are shown

in Fig. 2. High level of alkalinity reflects bicarbonate is produced through mineral

weathering and the influence of anthropogenic activity in the river system. Conversely,

decreased HCO3
- concentration was caused by low pH in post-monsoon season. Average

Cl- content was high in monsoon season for cycle I and cycle II which may be due to

mixing of run-off water which carries larger quantity of salts from catchment area. Other

possible sources of Cl- are discharge of domestic and industrial waste to the river. It was

Fig. 2 Temporal change in the major ion concentration of the Brahmaputra River. Pre-monsoon, monsoon
and post-monsoon represent the time of sampling event, i.e. a cycle I (2011–2012) and b cycle II
(2013–2014)
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found that EC is a good indicator for the chloride. Trends show that low Cl- concentration

in cycle II was due to low EC. Average NO3
- concentration was high in monsoon season

and PO4
3- concentration was high in pre-monsoon season for cycle I and cycle II.

Leaching of fertilizers from the agriculture-dominated areas, sewage effluents and

decomposition of organic matter are possible source of NO3
- and PO4

3-.

Average SO4
2- concentration was high in monsoon season for cycle I and cycle II. It

was reported that oxidation of pyritic sediments and dissolution of gypsum or anhydrites

are major contributor of sulphate in water (Gansser 1964). These processes may add high

SO4
2- concentration in water. Other possible anthropogenic sources of SO4

2- are run-off

from agricultural land and untreated effluents discharged in the river system. Average

H4SiO4 content was high in monsoon season. It was reported that high discharge and

weathering of igneous and metamorphic rocks contribute higher concentrations of silica

(Stallard and Edmond 1981). In general below pH 9 silicon released by weathering as

silicic acid (Iler 1979; Krauskopf 1967). The increase in H4SiO4 concentration in cycle II

indicates increase in intensity of weathering and dissolution of mineral. Therefore,

weathering of minerals is the primary source of silica in the freshwater system.

Average Na? concentration was found to be high in pre-monsoon season for cycle I and

in monsoon for cycle II. Concentration of Na? in cycle I and cycle II shows increase in

monsoon and post-monsoon seasons. The main source of sodium is the weathering of

silicate minerals, halite dissolution and atmospheric precipitation. Average potassium (K?)

concentration was high in monsoon season for cycle I and cycle II. It was found that there

was not much variation in K? concentration during the three seasons. Major contributions

of K? are the weathering of rocks and minerals in the catchment. Other possible sources of

K? are decay of organic matter and springs/groundwater.

Average Ca2? concentration was high in pre-monsoon season for cycle I and post-

monsoon season in cycle II. Ca2? shows increase in concentration in next cycle for all

three seasons. The main source of Ca2? is carbonate rocks (limestones, dolomite) that are

dissolved by carbonic acid contained in water. Average Mg2? concentration was high in

pre-monsoon for cycle I and cycle II. There was no significant increase in Mg2? con-

centration in next cycle. Magnesium in natural water is mainly contributed through fer-

romagnesian minerals (e.g. olivine, pyroxene and amphiboles) in igneous rocks and

magnesium carbonate in sedimentary rocks. The high concentration of Mg in non-monsoon

season was due to anthropogenic impact.

The seasonal change in major ions composition during the study period is shown in

Fig. 2. Temporal variation of average anion concentration in river water in decreasing

order was as follows: HCO3
-[ SO4

2-[Cl-[H4SiO4[NO3
-[PO4

3-. The abun-

dance of major cations concentration in decreasing order was as follows: Ca2?[ -

Mg2?[Na?[K? in all the seasons. An overall study shows that concentrations of ions

were high during pre-monsoon followed by monsoon and post-monsoon seasons. In cycle I

(2011–2012), concentration of HCO3
-, Ca2?, Mg2?, Na? and K? was high in pre-mon-

soon season. In cycle II (2013–2014), concentration of Cl-, SO4
2-, H4SiO4, HCO3

-, Na?

and K? was found to be high in monsoon season. For cycle I, pre-monsoon was dominant,

and for cycle II monsoon and post-monsoon were dominant. The high concentration of ion

in non-monsoon season was attributed due to anthropogenic impact and in monsoon season

was due to influx of run-off, influence through cyclic salts. Considering the maximum land

use for agriculture, manures and pesticides are important source of NO3
- and PO4

3-.
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4.2 Atmospheric Supply

4.2.1 Rain Water Correction

The correction for precipitation input and, in case of Na?, the additional contribution from

anthropogenic activities and saline soil were corrected by using the method given in Das

et al. (2005):

Xrr ¼ X=Clð Þrrx Clrr=fet ð1Þ

where Xrr is the contribution of rain (lM) to rivers; (X/Cl)r is the molar abundance ratio in

rain; Clrr is the concentration of chloride in rain; and fet is the correction factor for

evapotranspiration. For the rivers draining into the Bay of Bengal, fet = 0.6 has been used,

according to Das et al. (2005). The rainwater-corrected concentration (X�) is calculated as

X� ¼ Xr � Xrr ð2Þ

where X ¼ Naþ; Kþ; Ca2þ; Mg2þ; SO2�
4

The contribution of Cl- and Na? (lM) from anthropogenic sources and saline soils to

the river can be derived from

Cls ¼ Clr � Clrain=0:6 ð3Þ

Nas ¼ Cls

Na� ¼ Nar�ðNarr þ NasÞ ð4Þ

where Na� represents precipitation plus anthropogenic and salt-affected saline soil con-

tribution corrected Na? concentration, subscripts s and r refer to salt-affected plus

anthropogenic sources and river, and 0.6 is the evapotranspiration factor as suggested by

Das et al. (2005).

Atmospheric deposition has been considered as a major source of dissolved species in

the river water system (Jha et al. 2009; Krishnaswami and Singh 2005). Three major

sources of soluble substances in a river were identified by Berner and Berner (1996): (1)

sea salts carried in the atmosphere and deposited on the land; (2) weathering reactions

taking place in the drainage basin and (3) atmospheric deposition. Cl- concentration

through precipitation is generally used as a parameter for evaluating atmospheric contri-

bution due to conservative behaviour of Cl- during surface processes (e.g. chemical

weathering and hydrological mixing between water resources). MacIntyre (1970) indicated

that 90 % of the Cl- in rivers is derived from the transport of the sea-salt aerosol to the

continents and subsequent deposition and run-off from soil. The Cl- concentration in

rainwater at Mohanbari (Dibrugarh) of the Brahmaputra River valley was 20 lM
(Subramanian 2004). An atmospheric input correction has been estimated by quantifying

and subtracting the portion of the elements derived from rainwater in the chemical com-

position of the surface water. The correction for the input of dissolved cations and Cl-

from precipitation is determined from the ion/Cl- ratio (Satsangi et al. 1998). Other

possible sources such as saline soil, the influx of groundwater and anthropogenic activities

result in high concentrations of Cl- in river water samples (Kumar et al. 2009a, b; Jha et al.

2009).
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4.3 Weathering

Weathering is a natural phenomenon that plays an important role in determining water

chemistry. Gibbs plot showed TDS versus weight ratio of (Na ? K)/(Na ? K ? Ca) or Cl/

(Cl ? HCO3
-) provides information on three major mechanisms controlling water

chemistry (Fig. 3), which include atmospheric precipitation, mineral/rock weathering and

evaporation (Gibbs 1970). The Gibbs diagram shows that the most of data fall in the

weathering zone except at few samples in the monsoon 2011 and 2013, suggesting that the

major mechanism controlling the water chemistry of the Brahmaputra River is the

chemical weathering of the rock-forming minerals. Monsoon season of both cycles seems

to have differences in terms of cationic input.

Results of major ions ratio of water samples of the Brahmaputra River for pre-monsoon,

monsoon and post-monsoon seasons are shown in Table 2. High (Ca2? ? Mg2?)/Tz? ratio

with a mean value of 0.91 and 0.96 in the monsoon season for cycle I and cycle II,

respectively, reflects the alkaline earth metals released by carbonate weathering (Fig. 4).

The high average molar ratio (Ca2? ? Mg2?)/(Na? ? K?), with a maximum value of 4.97

(cycle I) and 3.85 (cycle II) in the post-monsoon season, indicates influence of silicate

weathering along with carbonate weathering.

Relatively lower ratio of Ca2? ? Mg2?)/(Na? ? K?) during monsoon season of cycle II

due to higher amount of Na? and K? indicates addition of ions through anthropogenic

source, which could be attributed to high run-off. Mean ratio of HCO3
-/Ca2? ? Mg2?

suggests significance of silicate weathering controlling the water chemistry of the

Brahmaputra River. The molar ratios of Cl-/Na?, with a maximum mean value of 16.7

(cycle I) and 0.47 (cycle II) in the post-monsoon season, indicate enrichment of the anion

through evaporation. The low molar ratio of Cl-/Na? value (1.40) and (1.01) during non-

monsoon season in both cycles indicates the addition of sodium through silicate weathering.

The average ionic ratio of Ca2?/SO4
2-was more than 1 ([1) during the entire monitoring

period and cycle, indicating that H2SO4 does not replace H2CO3 as a source of protons for

rock weathering. High average molar ratio of HCO3
-/H4SiO4, i.e. in post-monsoon season

Fig. 3 Gibbs plot depicting the major processes governing water chemistry in different seasons
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for cycle I (92.9) and cycle II (32.9), indicated contribution of ions from non-silicate source.

The plot of (Ca2? ? Mg2?) versus Tz? (Fig. 4a) for the samples shows that most of the

points lie below the equiline indicating the contribution from carbonate weathering in the

catchment area. The average ratio of (Na? ? K?)/Tz? shows maximum value of 0.18 in

pre-monsoon season of 2011–2012 and 0.21 in monsoon season of 2013–2014.

A cross-plot of (Na? ? K?)/Tz? suggests input from silicate weathering along with

anthropogenic activities (Fig. 4b). Contribution of Na ? K to the total cation (Tz?) was

high in the monsoon of 2011 and 2013 indicating input from anthropogenic source. The

dissolution of various potassium minerals, namely feldspars (orthoclase and microcline)

and the weathering of the chlorine minerals carnallite and sylvite, could be the source of

potassium in water. High contribution of (Ca ? Mg) to the total cation (Tz?) and low

ratios of (Na ? K)/Tz? in both cycles indicate that contribution of dissolved ions in the

Brahmaputra River was carbonate weathering with little contribution from silicate

weathering. It was reported that carbonate weathering contributes half of the dissolved

solids in rivers in the global scale (Meybeck 1983; Singh et al. 2005).

The ratios of Ca2?/Na? and Mg2?/Na? are used to calculate relative proportions of

Ca2? and Mg2? ions derived from carbonate weathering and silicate weathering (Hren

et al. 2007). Mean ratio of Ca2?/Na? was maximum in pre-monsoon for cycle I and in

post-monsoon for cycle II. Mean ratio of Mg2?/Na? was maximum in pre-monsoon season

in both cycles. These higher ratios indicated the dominance of Ca2? and Mg2? over Na? in

weathering of mafic minerals and dissolution of carbonate minerals. High mean ratio of

Ca2?/Na? during post-monsoon and Mg2?/Na? during pre-monsoon suggests either an

enrichment of Ca2? and Mg2? or depletion in Na?. Average mean ratio of Ca2?/Mg2? was

found to be high during post-monsoon season for cycle I and cycle II. Lower mean ratio

value of Ca2?/Mg2? as compared to global mean of 2.40 during pre-monsoon suggested

weathering of Mg2? rich minerals. High ratio of Ca2?/Mg2? during post-monsoon indi-

cated incongruent dissolution of carbonate minerals.

Precipitation-corrected molar ratio plot for (Mg2?/Na?) versus (Ca2?/Na?) and

(HCO3
-/Na?) versus (Ca2?/Na?) for different seasons is shown in Fig. 5. Silicate and

carbonate are the two end members for the precipitation-corrected molar ratios. It was

found that most of the samples fall between the silicate end member (granites) and car-

bonate end member which indicates the combined effect of silicate weathering and

Fig. 4 a A plot of (Ca2? ? Mg2?)/Tz illustrating contribution of alkaline earth element to the total cation
charge of the water during different seasons. b A plot of (Na? ? K?)/Tz? illustrating contribution of alkali
ions to the total cation of the water in different seasons
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dissolution of carbonate rocks. However, with different compositions during different

seasons there was shift in samples from silicate end to carbonate end. Post-monsoon 2014

and monsoon 2011 showed clustering, but there was shift towards carbonate end from

monsoon 2013 to post-monsoon 2014.

4.4 Statistical Analysis

4.4.1 Analysis of Variance (ANOVA)

ANOVA was performed for each parameter to check among the parameters for various

seasons during 2011–2012 and 2013–2014. The results of ANOVA are given in Table 3. In

Table 3 Results of analysis of
variance (ANOVA) of each
parameter for pre-monsoon,
monsoon and post-monsoon sea-
sons during 2011–2012 and
2013–2014

Bold indicates Fcritical[
Fcalculated

Parameter Cycle I (2011–2012) Cycle II (2013–2014)

Fcritical Fcalculated Fcritical Fcalculated

pH 3.40 4.09 3.40 4.18

EC 3.40 25.0 3.40 0.54

TDS 3.40 25.0 3.40 0.58

HCO3
- 3.40 23.0 3.40 0.58

Cl- 3.40 0.88 3.40 2.97

SO4
2- 3.40 19.9 3.40 2.58

NO3
- 3.40 2.21 3.40 1.97

PO4
3- 3.40 0.55 3.40 1.97

H4SiO4 3.40 16.3 3.40 5.72

Na? 3.40 0.91 3.40 0.42

k? 3.40 3.61 3.40 0.74

Ca2? 3.40 9.74 3.40 2.81

Mg2? 3.40 4.57 3.40 4.25

Fig. 5 Precipitation-corrected molar ratio plot for a (Mg2?/Na?) versus (Ca2?/Na?) and b (HCO3
-/Na?)

versus (Ca2?/Na?) for different seasons. Patches show end member of granite silicate (lower circle filled
black) and carbonate (upper circle with brick legends)
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cycle I, all the parameters exhibit significant variation except NO3
-, PO4

3-, Cl- and Na?

which indicates significant seasonal variations owing to contributions from weathering

processes. In cycle II, pH, H4SiO4 and Mg2? show significant temporal change which

indicates input of freshwater in monsoon season and change in pH may cause variation in

H4SiO4 and Mg2? concentration. Anthropogenic impacts seem to be suppressed as in case

with NO3
- and PO4

3-. Increase in Fcalculated value in case of pH, HCO3
-, Cl- and Ca2? in

cycle II indicates significant cyclic change, which may be due to influx of run-off and

weathering process.

4.4.2 Principal Component Analysis (PCA)

Table 4 shows the result of factor analysis of water samples, for three seasons, i.e. pre-

monsoon, monsoon and post-monsoon seasons. The variables present in the factors for

three seasons are pH, EC, HCO3
- Cl-, NO3

-, PO4
3-, SO4

2-, H4SiO4, Na
?, K?, Ca2? and

Mg2?. Factor 1 accounts for 22.7 % variance. The dominant factors are EC, TDS, HCO3
-

and Ca2? which indicates that weathering is the dominant process and release of HCO3
-

during carbonate weathering. Factor 2 accounts for 15.6 % variance. The variables are

PO4
3-, H4SiO4

- and K? contribution of ion through anthropogenic source such as

anthropogenic activities such as agricultural run-off in the catchment area. Factor 3

accounts for 12.0 %, and variables are Na? and Cl- which indicates enrichment of salt

through atmospheric precipitation. Factor 4 accounts for 9.87 %, and variables are NO3
-

which indicates nutrient enrichment mainly because of heavy irrigation and fertilizer

additive used to cultivate vegetables and other agriculture products and on background

carbonate weathering continuous to operate.

Table 4 Factor analysis of water
samples of the Brahmaputra
River for pre-monsoon, monsoon
and post-monsoon seasons

Bold indicate significant loading

Factors

F1 F2 F3 F4

Rotated component matrix

Ph 0.272 -0.280 -0.141 0.496

EC 0.890 0.036 0.100 -0.027

TDS 0.890 0.036 0.101 -0.027

HCO3
- 0.712 -0.018 -0.132 -0.043

Cl- 0.074 -0.176 0.801 -0.095

SO4
2- 0.164 0.316 0.217 -0.152

NO3
- 0.055 -0.123 -0.057 0.669

PO4
3- 0.056 0.767 0.048 -0.068

H4SiO4 -.095 0.724 -.020 -0.080

Na? -0.077 0.108 0.826 0.079

K? 0.261 0.730 -0.269 0.147

Ca2? 0.765 0.203 -0.037 0.202

Mg2? 0.287 -0.318 -.223 -0.689

Eigen value 2.96 2.03 1.56 1.28

% of variance 22.7 15.6 12.0 9.87

CV 22.7 38.3 50.3 60.2
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The factor score was estimated to find out the spatial variation of the factor representation

and to identify the zone of its representation. They are commonly obtained by two approaches:

weighted least square method and the regressionmethod. The regressionmethod is used in the

study to compute the factor scores. The higher the factor scores, the higher the factor’s

influence (Felipe-Sotelo et al. 2007; Bu et al. 2010). The factor score plot for first two factors

pre-monsoon, monsoon and post-monsoon is shown in Fig. 6. In pre-monsoon season, high

factor score 1 is observed at sampling locations B4, B5, B8 andB9which are representative of

carbonate weathering and bicarbonate. Similarly, high factor score 2 is observed at sampling
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Fig. 6 Factor score plot of factor
1 and factor 2 for a pre-monsoon,
b monsoon and c post-monsoon
seasons

Aquat Geochem (2016) 22:225–251 239

123



locationsB1,B2,B3,B7 andB9whichwere likely polluted by industrialwaste and agriculture

run-off. In monsoon season, factor scores 1 and 2 are observed for high B5, B6, B8 and B9

which indicate influx of run-off. In post-monsoon season, high factor score 1 is observed at

sampling locations B4, B5, B7 and B9 which are representative of silicate weathering. Sim-

ilarly, high factor score 2 in post-monsoon season is observed at sampling locationsB7,B8 and

B9whichwere likely polluted by anthropogenic input.Using factor score, it has been observed

that at downstream location pollution ismore pronounced as compared to upstream. In relation

to the sampling seasons, high factor score 1 is observed at pre-monsoon season and factor score

2 at post-monsoon season infers that impact is less pronounced duringmonsoon season due to

dilution effect by rainfall.

4.5 Effective CO2 Pressure

The partial pressure of CO2 (PCO2
) in streams and rivers reflects both internal carbon

dynamics and external biogeochemical processes in terrestrial ecosystems (Jones et al.

2003). As carbonate weathers, alkalinity is generated leading to an increase in pH and a

reduction in PCO2
. The effective CO2 pressure (logPCO2

) for pre-monsoon, monsoon and

post-monsoon samples of the Brahmaputra River has been estimated from pH values and

HCO3
- concentration (Table 5). In the year 2011–2012, average PCO2

values were found to

be 10-2.4 in pre-monsoon, 10-2.9 in monsoon and 10-3.2 in post-monsoon. In the year

2013–2014, average PCO2
values were found to be 10-3.1 in pre-monsoon, 10-2.6 in

monsoon and 10-2.5 in post-monsoon which are higher than the atmospheric value, i.e.

10-3.5. This follows the global trend of river water showing disequilibrium with the

atmosphere (Garrels and Mackenzie, 1971). This may be due to the contribution of

groundwater containing high CO2, the slow rate of its re-equilibrium between surface

water and the atmosphere by release of excess CO2 (Subramanian et al. 2006; Sharma and

Subramanian 2008; Jha et al. 2009). High PCO2
values are likely to arise from the coupling

of sulphide oxidation and carbonate dissolution (Wadham et al. 1998).

4.6 Chemical Weathering Rates

The weathering rates (carbonate and silicate) are calculated using TDS and run-off values

(mm year-1) which are shown in Table 6. The run-off data (879 mm year-1) for the

Brahmaputra River were taken from Gaillardet et al. (1999). As shown in Table 6(a), SWR

in cycle I and cycle II was found to be high in monsoon season and maximum at B9. As

shown in Table 6(b), CWR in cycle I and cycle II was found to be high in pre-monsoon

season. As compared with previous findings, average annual SWR was found to be lower

than the value found by Gaillardet et al. (1999), whereas average CWR was found to be

higher than previous reported value. Rapid rock uplift and different physical erosion rates

are responsible for high CWR. In the Brahmaputra River, run-off and relief are the factors

that control physical erosion which in turn controls the chemical erosion by increasing

specific surface area for chemical reaction (Gupta 2008).

4.7 CO2 Consumption Rates

The Brahmaputra River basin is the fifth largest river basin in the world and transports

significant amounts of all physically and chemically weathered material from the catch-

ment area. Therefore, it is important to determine the CO2 consumption rate of this river.
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Based on major ion composition of the water samples, CO2 consumption rate of the

Brahmaputra River has been calculated by using the following formulae given by the Jha

et al. (2009) and Wu et al. (2008).

4.7.1 CO2 Consumption Rate

½UCO2�Sil ¼ U Tzþð Þsil¼ 2Casil þ 2Mgsil þ Nasil þ Ksilð Þ � discharge=drainage area:

ð5Þ

U CO2½ �Carb¼ U Tzþð Þcarb¼ Cacarb þ Mgcarbð Þ � discharge=drainage area: ð6Þ

where Casil, Mgsil, Nasil and Ksil represent cation released by the silicate weathering and

Cacarb, and Mgcarb represent Ca and Mg supplied from carbonate weathering.

4.7.2 Silicate Weathering Rate

Silicate weathering is an important source of major ions to river. The proportions of silicate

and carbonate weathering on the earth’s surface are important in long-term global CO2

balances (Berner et al. 1983). In the present study, Cl- was used as an index to derive

silicate component of Na in calculating CO2 consumption rate. Silicate and carbonate

weathering rates in the Brahmaputra River are calculated using cation components sup-

plied from silicate and carbonate, coupled with discharge per unit area.

The silicate weathering rate (SWR) is calculated as proposed by Roy et al. 1999

SWR ¼ Casil þ Mgsil þ Nasil þ Ksil þ SiO2ð Þ � discharge=drainage area ð7Þ

where Casil, Mgsil, Nasil and Ksil represent cations supplied by silicates (mg L-1)

The carbonate weathering rate (CWR) is calculated as per Roy et al. 1999

CWR ¼ Cacarb þMgcarb þ 0:5� HCO�
3

� �
carb

� �
� discharge=drainage area ð8Þ

Silicate component of major cations

Nasil ¼ Nar � Clr ð9Þ

Ksil ¼ Kr � Krr

Casil ¼ Nasil � Ca=Nað Þsol

Mgsil ¼ Nasil � Mg=Nað Þsol
where the subscripts sil, r and sol are silicates, river and solution, respectively. Krr is con-

tribution of K from rain to the river water. (Ca/Na) sol and (Mg/Na) sol are the molar ratios

released to river water from silicates in the drainage basins during chemical weathering.

4.7.3 Carbonate Component

Cacarb ¼ Car � Casil ð10Þ
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Mgcarb ¼ Mgr � Mgsil

where the subscripts carb, r and sil are carbonates, river and silicates, respectively

The CO2 consumption rate due to silicate weathering (WSil–CO2) and carbonate

weathering (WCarb–CO2) of the Brahmaputra River for cycle I is shown in Table 7. WSil–

CO2 shows an average value of 0.31 (9106 mol Km-2 year-1) in pre-monsoon, 0.70

(9106 mol Km-2 year-1) in monsoon and 0.44 (9106 mol Km-2 year-1) in post-mon-

soon seasons. Average Wsil–CO2 was found to be high in monsoon season and maximum at

Table 7 CO2 consumption rate due to silicate weathering (WSil–CO2) and carbonate weathering (WCarb–
CO2) for the Brahmaputra River for pre-monsoon, monsoon and post-monsoon: (a) cycle I (2011–2012) and
(b) cycle II (2013–2014)

Sites Cycle I (2011–2012)

Pre-monsoon Monsoon Post-monsoon

WSil–CO2 WCarb–CO2 WSil–CO2 WCarb–CO2 WSil–CO2 WCarb–CO2

(a)

B1 0.49 0.55 0.66 0.50 0.41 0.50

B2 0.34 0.63 0.43 0.63 0.40 0.51

B3 0.16 0.21 0.18 0.25 0.17 0.14

B4 0.25 0.74 0.62 0.54 0.68 0.43

B5 0.47 0.70 0.74 0.60 0.50 0.34

B6 0.28 0.63 0.84 0.39 0.41 0.29

B7 0.22 0.69 0.92 0.67 0.47 0.51

B8 0.28 1.08 0.84 0.65 0.40 0.60

B9 0.30 0.56 1.05 0.47 0.52 0.42

Range 0.16–0.49 0.21–1.08 0.18–1.05 0.25–0.67 0.17–0,.68 0.14–0.60

Avg ± SD 0.31 ± 0.11 0.64 ± 0.23 0.70 ± 0.26 0.52 ± 0.13 0.44 ± 0.13 0.42 ± 0.14

Sites Cycle II (2013–2014)

Pre-monsoon Monsoon Post-monsoon

WSil–CO2 WCarb–CO2 WSil–CO2 Wcarb–CO2 Wsil–CO2 Wcarb–CO2

(b)

B1 0.57 0.67 0.66 0.53 0.42 0.46

B2 0.38 0.50 0.62 0.40 0.49 0.43

B3 0.20 0.16 0.20 0.20 0.19 0.22

B4 0.30 0.64 0.56 0.71 0.77 0.53

B5 0.58 0.49 0.75 0.60 0.41 0.86

B6 0.21 0.34 0.50 0.51 0.42 0.44

B7 0.27 0.42 0.89 0.65 0.54 0.78

B8 0.29 0.61 0.85 0.48 0.46 0.63

B9 0.28 0.69 0.96 0.63 0.58 0.51

Range 0.20–0.58 0.16–0.69 0.20–0.96 0.20–0.71 0.19–0.77 0.22–0.86

Avg ± SD 0.34 ± 0.14 0.50 ± 0.17 0.66 ± 0.23 0.52 ± 0.15 0.48 ± 0.16 0.54 ± 0.19
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B4 and B8. The CO2 consumption rate due to carbonate weathering of the Brahmaputra

River for cycle I shows an average value of 0.64 (9106 mol Km-2 year-1) in pre-mon-

soon, 0.52 (9106 mol Km-2 year-1) in monsoon and 0.42 (9106 mol Km-2 year-1) in

post-monsoon seasons. Wcarb–CO2 was found dominant in pre-monsoon season. How-

ever, in monsoon and post-season Wsil–CO2 was dominant which may be due to mon-

soonal effect.

CO2 consumption due to silicate weathering for cycle II is presented in Table 7(a). In

cycle II, Wsil–CO2 shows an average value of 0.34 (9106 mol Km-2 year-1) in pre-

monsoon, 0.66 (9106 mol Km-2 year-1) in monsoon and 0.48 (9106 mol Km-2 year-1)

in post-monsoon. Average Wsil–CO2 was found to be high in monsoon season for cycle II.

In cycle II, average Wsil–CO2 in pre-monsoon and post-monsoon seasons is higher than

cycle I. In Table 7(b) the CO2 consumption rate due to carbonate weathering (Wcarb–CO2)

of the Brahmaputra River in cycle II shows an average value of 0.50 9 106 -

mol Km-2 year-1) in pre-monsoon, 0.52 (9106 mol Km-2 year-1) in monsoon and 0.54

(9106 mol Km-2 year-1) in post-monsoon. For cycle II, Wcarb–CO2 was dominant in

pre-monsoon and post-monsoon seasons.

The CO2 consumption rate associated with total chemical weathering (WChe–CO2) is

presented in Table 8. In cycle I, total CO2 consumption rate associated with chemical

weathering in the Brahmaputra River shows an average value of 0.84 (9106 -

mol Km-2 year-1) in pre-monsoon, 1.19 (9106 mol Km-2 year-1) in monsoon and 1.01

(9106 mol Km22 year-1) in post-monsoon. In cycle II, average annual CO2 consumption

rate due to chemical weathering in the Brahmaputra River was found to be 0.99 (9106 -

mol Km-2 year-1) in pre-monsoon, 1.28 (9106 mol Km-2 year-1) in monsoon and 0.95

(9106 mol Km-2 year-1) in post-monsoon. In both cycles, CO2 consumption due to

chemical weathering was found to be high in monsoon season.

Table 8 CO2 consumption rate due to chemical weathering (Wchem = carbonate ? silicate weathering) in
different for cycle I and cycle II

Cycle I & Cycle II

Pre-monsoon Monsoon Post-monsoon

WChe–CO2 WChe–CO2 WChe–CO2 WChe–CO2 WChe–CO2 WChe–CO2

Sites 2011–2012 2013–2014 2011–2012 2013–2014 2011–2012 2013–2014

B1 1.04 1.24 1.16 1.19 0.91 0.87

B2 0.97 0.88 1.06 1.02 0.91 0.92

B3 0.37 0.66 0.40 0.96 0.41 0.85

B4 0.98 0.94 1.16 1.27 1.11 1.30

B5 1.17 1.07 1.33 1.34 0.85 1.27

B6 0.55 0.95 1.00 1.28 0.85 0.96

B7 0.91 0.68 1.59 1.54 0.99 1.32

B8 1.36 0.90 1.49 1.33 1.00 1.09

B9 0.86 0.97 1.51 1.58 0.94 1.09

Range 0.37–1.24 0.66–1.36 0.40–1.58 0.96–1.59 0.41–1.32 0.85–1.11

Avg ± SD 0.84 ± 0.27 0.99 ± 0.19 1.19 ± 0.35 1.28 ± 0.22 1.01 ± 0.29 0.95 ± 0.08
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Figure 7a, b shows CO2 consumption rates of the Brahmaputra River at different

locations for cycle I and cycle II. In cycles I and II, all sampling locations except B4 show

similar trend for SW (CO2 consumption due to silicate weathering), i.e. high CO2 con-

sumption rate in monsoon season. CW (CO2 consumption due to chemical weathering) for

cycle I and cycle II shows similar trend at B3 and B1, i.e. high CW in pre-monsoon season.

In post-monsoon season CW was highest at B4. In most of the locations, high SW and CW

were found in monsoon season.

From the value of TDS flux and CO2 consumption of the world’s major rivers (Table 9),

it was observed that TDS flux of the Brahmaputra River was found to be higher than the

Indus River (Himalayan river), the Yellow (Tibetan river) and the Amazon (Global river).

The present result showed that TDS yield was lower than that of the major Indian rivers

(Ganga, Godavari and Krishna) and other non-Indian rivers like Mekong and the Amazon,

but higher than that of the Indus, the Yellow River.

The average annual CO2 consumption rate due to silicate weathering was found to be

0.52 (9106 mol Km-2 year-1) and 0.49 (9106 mol Km-2 year-1) for cycle I and cycle II,

respectively. CO2 consumption rate in the present study was significantly higher than in the

previous studies on the Brahmaputra River. Gaillardet et al. 1999 0.15 (9106 -

mol Km-2 year-1, Hren et al. 2007 (0.3 9 106) and lower than Singh et al. 2006
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Fig. 7 Atmospheric carbon
dioxide (CO2) consumption rates
of the Brahmaputra River at
different locations for
a 2011–2012 (cycle I) and
b 2013–2014 (cycle II). CW and
SW stand for chemical
weathering and silicate
weathering, respectively
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(0.6 9 106) and other Himalayan rivers, i.e. Ganga 0.38 (9106 mol Km-2 year-1), Indus

0.06 (9106 mol Km-2 year-1), and Deccan Trap rivers, i.e. Godavari River 0.29

(9106 mol Km-2 year-1) and Krishna River 0.36 (9106 mol Km-2 year-1) and a river

like Amazon 0.05 (9106 mol Km-2 year-1) indicated more intense CO2 consumption in

the Brahmaputra River associated with silicate weathering.

Average CO2 consumption rate due to carbonate weathering of the Brahmaputra River

was found to be 0.55 and 0.52 (9106 mol Km-2 year-1) for cycle I and cycle II,

respectively, which indicates an increase value of (0.01 9 106 mol Km-2 year-1). As

compared with world’s major rivers, the CO2 consumption rate due to carbonate weath-

ering of the Brahmaputra River was found to be higher than that of the Ganga, Indus,

Amazon, Huang He and lower than the Mekong River. Our result shows that high CO2

consumption rate was associated with carbonate weathering.

5 Conclusion

The spatial and temporal variation of major ions during pre-monsoon, monsoon and post-

monsoon seasons of 2011–2014 has been carried out by analysing 27 samples (nine

samples in each season) from upstream to downstream of the Brahmaputra River. A

systematic monitoring of the Brahmaputra River was carried out for 2 years (2011–2014)

to determine the weathering and associated CO2 consumption rates of the Brahmaputra

River that could alter the global climate. Estimation of chemical weathering rates of the

river indicated that carbonate weathering largely dominates the chemistry of the river

water. Atmospheric deposition and anthropogenic activity contributed to major ions and

Table 9 TDS flux and CO2 consumption of the Brahmaputra River and other major rivers of the world

Rivers TDS flux (tkm2 year-1) WSil–CO2 WCarb–CO2 References

Brahmaputra 57 0.52 0.55 Present study

Brahmaputra 26 0.49 0.52

Ganges 171 0.45 0.24 Gaillardet et al. (1999)

Indus 10 0.06 0.09

Godavari 102 0.29 NA Jha et al. (2009)

Krishna 28 0.36 NA Das et al. (2005)

Huang He NA 0.09 0.27 Wu et al. (2008)

Amazon 147 0.05 0.11 Gaillardet et al. (1999)

Mekong 56 0.28 0.58

Ganga 72 0.38 NA Singh et al. (2005)

Indus 42 0.06 NA

Mekong 72 0.24 NA

Yellow 25 0.08 NA

Amazon 35 0.05 NA

World average 36 0.09 NA

WCarb–CO2—(carbonate weathering 9106 mol Km-2 year-1)

WSil–CO2—(silicate weathering 9106 mol Km-2 year-1)

NA Not available
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associated CO2 consumption. The important findings of this study can be summarized as

follows

1. The results indicate that Brahmaputra River waters are neutral to alkaline in nature.

EC and TDS values were high in pre- and post-monsoon seasons due to mixing of

run-off water which carries larger quantity of salts from catchment area. Concen-

trations of ions were higher during pre-monsoon followed by monsoon and post-

monsoon seasons. For cycle I, pre-monsoon was dominant, and for cycle II, monsoon

and post-monsoon were dominant. The high concentration of ion in non-monsoon

season was attributed to anthropogenic impact and in the monsoon season to influx of

run-off with influence of cyclic salts. In the Brahmaputra River, temporal variation of

average anion concentration is in order: HCO3
-[SO4

2-[Cl-[H4SiO4[ -

NO3
-[PO4

3- , and cation concentration is in the Ca2?[Mg2?[Na?[K? in

all the seasons.

2. Analysis of variance (ANOVA) showed significant seasonal variations owing to

contributions from weathering processes and differences in water discharges.

3. The water chemistry of Brahmaputra River is mainly controlled by rock weathering

with minor contributions from atmospheric and anthropogenic sources. High average

molar ratio of (Ca2? ? Mg2?)/(Na? ? K?) and (Na? ? K?)/Tz? suggested contri-

bution of ions through carbonate and silicate minerals.

4. The average precipitation-corrected molar ratio of (Ca2?/Na?), (HCO3
-/Na?) and

(Mg2?/Na?) reflected influence of silicate and carbonate weathering.

5. Gibbs plot implied weathering as the major mechanism that controls the water

chemistry of the Brahmaputra River. Ternary plot for cation and anion suggests

dominance of carbonate and carbonate–evaporite–sulphide weathering

6. Factor analysis indicated that in pre-monsoon carbonate weathering and anthro-

pogenic contamination are the governing processes which are replaced by silicate

weathering in monsoon. Finally, in post-monsoon both carbonate and silicate

weathering seem to be equally operative in the Brahmaputra River

7. Higher PCO2
value than the atmospheric value indicates that disequilibrium exists in

water bodies with the atmosphere which is due to the contribution of groundwater

containing high CO2 and the slow rate of its re-equilibrium.

8. Average silicate weathering rate (SWR) in the Brahmaputra River for cycle I was

6.50 tKm-2 year-1 in pre-monsoon, 8.59 tKm-2 year-1 in monsoon and

4.4 tKm-2 year-1 in post-monsoon, and for cycle II, it is 5.29 tKm-2 year-1 in

pre-monsoon, 7.01 tKm-2 year-1 in monsoon and 3.85 tKm-2 year-1 in post-

monsoon seasons. Average annual SWR was found to be high in monsoon season.

9. Average chemical weathering rate (CWR) in the Brahmaputra River was found to be

97.7 tKm-2 year-1 in pre-monsoon, 66.4 tKm-2 year-1 in monsoon and

56.3 tKm-2 year-1 in post-monsoon for cycle I and 77.4 tKm-2 year-1 in pre-

monsoon, 55.0 tKm-2 year-1 in monsoon and 48.5 tKm-2 year-1 in post-monsoon

for cycle II. Average CWR was found to be higher than previous finding. Rapid rock

uplift and different physical erosion rate were responsible for high CWR in the

Brahmaputra River

10. The average annual CO2 consumption rate due to silicate weathering was found to be

0.52 (9106 mol Km-2 year-1) and 0.49 (9106 mol Km-2 year-1) for cycle I and

cycle II, respectively. CO2 consumption rate in the present study is significantly

higher than the previous studies.

Aquat Geochem (2016) 22:225–251 249

123



11. The average annual CO2 consumption rate CO2 consumption rate due to carbonate

weathering of the Brahmaputra River was found to be 0.55 and 0.52 (9106 -

mol Km-2 year-1) for cycle I. Cycle II, respectively, shows increase value of

(0.01 9 106 mol Km-2 year-1). As compared with world’s major rivers, the CO2

consumption rate due to carbonate weathering of the Brahmaputra River was higher

than that of the Ganga, Indus, Amazon, Huang He and lower than the Mekong River.

12. Estimation of chemical weathering rates of the Brahmaputra River indicated that

carbonate weathering largely dominates the water chemistry of the river. High CO2

consumption rate was associated with carbonate weathering
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