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Abstract

Weathering and suspended matter fluxes of the Langtang Narayani river system in central Nepal Himalaya have been
investigated at 16 stations for one year, based on monthly water sampling in the lower reaches and bi-monthly in higher ele-
vation areas, to determine temporal variations of weathering fluxes along an elevation profile between 169 and 3989 m asl.
Results indicate that the lower reaches are the dominant places of weathering in the system. The sum of major base cation
fluxes is 2.9 to 9.2 higher during the monsoon season compared to the pre-monsoon season. Alkalinity and sea-salt corrected
sulfate were the dominant anions (97%). The lowest downstream location exports 1611 tons km™2 yr~! suspended sediment,
78.56 tons km > yr~' of major cations (Na + K + Mg + Ca), 12.72 tons km > yr~! of silica (4-fold higher than at the middle
reaches of the basin), and 1.9 x 10° mol km 2 yr~! of dissolved inorganic carbon (8.9-fold higher than at the middle reaches).
Nitrogen and phosphorus concentrations are low in general and dissolved organic carbon export is within expected ranges.
River water pCO, values are low in general, with exception of those main stem reaches where tributaries with relevant pyrite
oxidation processes, and lower pH, alter the pattern locally. Element ratios suggest seasonal shifts in the weathering flux gen-
eration, modulated by the monsoon system. During the peak of the monsoon season the most relevant weathering products
alkalinity, SOy, "Ca and "Mg were not diluted, and increased concentrations observed at the lower reaches suggests an
enhanced mobilization during this period of the year. Carbonate weathering exceeds silicate weathering along the drainage
network and the carbonate- to silicate-cation mol ratio is 3.5 at the outlet. Sulfide oxidation probably enhances weathering
rates besides the control of the soil-rock partial pressure of CO,. The ratio of the total alkalinity flux to sea-salt corrected
sulfate equivalent flux at the base of the Himalaya at Narayanghat was 5.7. Sea-salt corrected sulfate equivalent export is
about the same as the silicate cation-equivalent flux that leaves the system (98%). Therefore, further research on sulfur iso-
topes might be helpful to support the hypothesis that pyrite oxidation compensates for the idealized CO,-consumption by
silicate weathering in the studied area.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).
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chemical, biological, and physical processes. Long-term
rapid uplift and erosion can be driven by plate tectonic pro-
cesses, causing recycling of rocks within a basin and ele-
vated denudation rates (Stallard, 2000).

There have been numerous studies in the field of geo-
chemistry of river systems after the early works of Roth
(1878, 1879, 1893) and Garrels and Mackenzie (1967,
1971), highlighting the relevance of weathering and land-
ocean matter fluxes in the Earth system. Studies include
those of the world’s largest river systems resulting in flux
baselines, variability, and identification of controls
(Meybeck, 1982, 1987; Hu et al, 1982; Stallard and
Edmond, 1983; Sarin et al., 1989; Degens et al., 1991;
White and Blum, 1995; Gaillardet et al., 1999; Galy and
France-Lanord, 1999; Singh et al., 2005; Hartmann et al.,
2007). Moreover, global compilations of river chemistry
data are now available (Hartmann et al., 2014).

Himalayan river systems have received much attention
in recent decades due to the proposed connection between
tectonic uplift in the region and global climate cooling
caused by consuming atmospheric CO, through enhanced
weathering rates (Raymo and Ruddiman, 1992; Edmond
and Huh, 1997). However, recent studies suggest that chem-
ical weathering in the Himalayan region itself represents a
small fraction of weathering CO, consumption globally
and thus may not have been able to contribute to global
cooling in the Cenozoic (Galy and France-Lanord, 1999;
France-Lanord et al., 2003; Wolff-Boenisch et al., 2009).
Recent work on flood plain weathering below the Himalaya
front suggests that the flood plains are a dominant location
of silicate weathering of detrital material originating from
the Himalaya (Lupker et al., 2012). Bickle et al. (2018)
reported that chemical weathering fluxes in the flood plain
area exceeds chemical weathering fluxes from the
Himalayas.

Variation in chemical composition of river water along
Himalayan river systems due to change in land use patterns
and geomorphology have been observed and the role of
runoff and physical erosion evaluated (France-Lanord
et al., 2003; Singh et al.,, 2005; Bhatt et al., 2009).
Gaillardet et al. (1999) estimated that 8.7 x 10'> mol yr™!
CO, are consumed globally by silicate weathering, while
only 75 to 130 x 10° mol yr~! CO, is consumed by silicate
weathering in the Himalayan region of the Ganga basin.
This latter estimate uses the value 0.4 to 0.7 x 10° mol
km2yr~! from Dalai et al. (2002) and a basin area of
187 x 10> km? from Galy and France-Lanord (1999). An
estimated range of 0.2 to 0.3 x 10° mol km ™ yr~" of con-
sumed CO, by silicate weathering in Himalayan catchments
(France-Lanord et al., 2003) is comparable to that of grani-
tic basins (c.f. data in White and Blum, 1995; Oliva et al.,
2003) but lower than that of basalt dominated basins in
humid environments (Dessert et al., 2003; Borker et al.,
2018). Similar CO, consumption rates by silicate weather-
ing have been reported for the eastern Himalaya and Nepa-
lese High Himalayan catchments (France-Lanord et al.,
2003; Singh et al., 2005; Wolff-Boenisch et al., 2009).

Sulfide oxidation, often coupled with carbonate dissolu-
tion, influences the flux of dissolved inorganic carbon (DIC)
in subglacial drainage systems within the Himalayan region

and elsewhere (Tranter and Raiswell, 1991; Tranter et al.,
1993; Galy and France-Lanord, 1999; Hasnain and
Thayyen, 1999; Bhatt et al., 2000; Millot et al., 2003;
Bhatt et al., 2009; Wolff-Boenisch et al., 2009; Bhatt
et al., 2016; Torres et al., 2017). Sulphur oxidation may also
be a relevant long-term source of CO, to the atmosphere-
ocean system over long geological time scales (Torres
et al., 2014).

Elements released along the central Himalayan river sys-
tem result mainly from the dissolution of carbonate and sil-
icate minerals (Galy and France-Lanord, 1999). Silicate
weathering rates within the Himalayan landscape are also
controlled by climatic related factors with considerable sea-
sonality, such as runoff, as well as physical erosion (France-
Lanord et al., 2003; West et al., 2005; Barnard et al., 2006;
Tipper et al., 2006; Wolff-Boenisch et al., 2009). However,
the monsoon effect on the chemistry of the waters draining
a larger river basin from the glacial areas to the flood plains
has not been studied using monthly sampling. The role of
seasonality on the annual weathering fluxes across whole
elevation transects in the Himalaya remains an open
question.

For this purpose, we conducted this study along the
Langtang — Narayani river system in central Nepal, to eval-
uate: (1) seasonal variations of surface water chemistry and
fluxes of chemical species, (2) elevation variability of sur-
face water chemistry in the context of factors that control
chemical weathering rates, and (3) DIC fluxes and partial
pressure of carbon dioxide (pCO,) concentrations. This
study uses data from monthly sampling at seven locations
in the lower river reaches and bimonthly samples at nine
locations in the high elevation areas along the Langtang-
Narayani River. Importantly, the study was conducted
before a major earthquake (7.8 magnitude) hit Nepal on
April 25, 2015, causing at least 25,000 landslides through-
out the central Himalayan Mountains in Nepal with more
than half of the landslide volume directly connected to river
channels (Roback et al., 2018). Therefore, results from our
study offer a baseline prior to the reported landscape
changes, including landslides and potential changes in
hydrology. Future studies could then be used to examine
to what extent earthquake activities are coupled to the
long-term sediment budget and geochemical cycling in the
Himalaya.

2. STUDY AREA
2.1. Site description

Located in the southern front of the Great Himalaya,
the upper high Himalaya Langtang Lirung glacier (28°13’
01.9"N, 85°33'42.0"E) is the headwater area of the
Langtang-Narayani river system, reaching 7,234 m asl at
its highest point. Ohata et al. (1987) reported that only
38.14% of the Langtang glacier head watershed (which is
333 km?) was covered with glaciers at the time. The Trishuli
basin is one of the major tributaries in the middle section of
the Langtang-Narayani river system with a catchment area
of 4,640 km®. Downstream, the lower Narayani river at
Narayanghat (27°41'58.1” N, 84°25'17.6” E) is in the
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southern part of the Terai flood plain area in central Nepal
(Fig. 1). In total, the Narayani river system has a basin area
of 31,795 km? It is one of the major tributaries of the
Ganga River, merging with it in India and ultimately enter-
ing the Bay of Bengal. Sampling was carried at different
transects from the High Himalaya Langtang Lirung outlet
point to the base of the Himalaya downstream at
Narayanghat (Fig. 1 and Table 1).

Climate, terrain slope, soil, and vegetation vary widely
along the Langtang-Narayani river system. Soil depth
increases with decreasing elevation along the Langtang-
Narayani river system. Vegetation ranges from sub-
tropical forest, at low elevation area, to coniferous forest
at higher elevations below the tree line, and negligible cover
at high-altitude where the landscape consists of bare rock
and talus with thin soils. At this high elevation, there is little

81 82 83 85 86 87 88
o | =)
o« ™
CHINA

o | L
o™~ o~
o | STUDY AREA | L
~ |

o™

84°30'E
1

@ River Monitoring stations
1-LNS1 5-LNS5 9- LNS9
2-LNS2 6-LNS6 10-LNS10 14 -LNS14

3-LNS3 7-LNS7 41- LNS11 15-LNS15
4-LNS4 8-LNS8 12- LNS12 16 - LNS16

Q1, Q2 and Q3 - Discharge points

13-LNS13 [F

b

28°0'N

84°30'E
\ Gangetic Plain

o= Siwalik Group Granites

Lesser Himalayan sequence {_____} Watershed boundary
».>..] Quaternary Deposits Higher Himalayan Sequence WM Higher Himalayan Glaciers

85°30'E

0 5 10 20 30
- O Km.

Fig. 1. Generalized geological map of Langtang Narayani river system in central Nepal with the sample locations represented by closed circles
and labeled according to the inset. Table 1 provides longitude, latitude and elevation information. River discharge data was available for
stations Q1 (LNS-1, Narayani river at Narayanghat), Q2 (LNS-4, Trishuli river at Betrawati), and Q3 (LNS-7, Langtang river at
Syabrubensi), which are representative of low elevation, Siwaliks and Middle Mountain respectively.



Table 1

Sampling locations in the Langtang-Narayani River system.

Longitude Elevation
(m)

Latitude

Vegetation
density

Vegetation type'

Channel substrate

Drainage Basin

Site

River

Sample

Name

169

84°25'17.6”

Dense 27°41'58.1"

Tropical forest

Clays and sand

Terai

Narayanghat
Fisling

Narayani
Trishuli
Trishuli
Trishuli

LNS-1

258

84°39'43.1”

27°5039.3"

Sparse

Tropical forest

Sand, cobbles and boulders

Sand and cobbles

Siwaliks
Siwaliks
Siwaliks

LNS-2

Sparse 27°4803.9” 84°58'38.6" 377

Dense

Tropical forest

Bairaini

LNS-3

604
1419

84°10'24.9”

27°57'49.4"

Tropical forest

Sand, cobbles and boulders
Cobbles and boulders

Betrawati

LNS-4

Sparse 28°09'52.3" 85°20'26.2"

Sub tropical shrub

Midddle mountain

Syabrubenshi

Langtang

LNS-5

1434
1441
1802
1864
3034
3710

Sparse 28°09'56.9"” 85°20'33.1”

Sub tropical shrub

Cobbles and boulders

Midddle mountain

Bhotekoshi Syabrubenshi

Langtang

LNS-6
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Sparse 28°09'47.9” 85°20'38.4"

Dense

Sub tropical shrub

Cobbles and boulders

Midddle mountain

Syabrubenshi
Landslide
Bamboo

LNS-7

85°22/34.7"

28°09'05.9”

Sub tropical forest

Cobbles and boulders

Midddle mountain

Langtang

LNS-8

Dense 28°09'18.9” 85°23'52.0”

Sub tropical forest
Temperate forest

Cobbles and boulders

Midddle mountain
High Mountain

Langtang

LNS-9

85°27'44.5"

28°12'02.7"

Dense

Sand, cobbles and boulders
Cobbles and boulders

Ghodatabela
Kyangjin
Laja

Langtang

LNS-10

28°12'34.6" 85°33'17.6"

Sparse

Sub-alpine shrub

High Mountain

Langtang
Lirung

LNS-11

3703
3884
3882
3989
3800

28°12/35.6" 85°33/22.5"

Sparse

Sub-alpine shrub

Sand, cobbles and boulders

High Mountain

LNS-12

28°12'58.1" 85°33/53.9”

Sparse

Sub-alpine shrub

Clay, cobbles and boulders

High Mountain

Khimjung Khola
Lirung Khola
Lirung Outlet

Thumdi
¥ Stainton (1972) and Chaudhary et al. (2016).

Khimjung
" WWF Nepal (2005).

Lirung
Lirung

LNS-13

28°12'55.6" 85°33'49.9”

Sparse

Sub-alpine shrub

Clay, cobbles and boulders

Clay and boulders

High Mountain

LNS-14

Negligible 28°1301.9” 85°33'42.0”

Sparse

Sub-alpine shrub

High Mountain

LNS-15

85°34'04.1”

28°12'19.8"”

Sub-alpine shrub

Clay, cobbles and boulders

High Mountain

Langtang

LNS-16

human influence due to seasonal settlement supported by
subsistence farming and grazing by yaks and sheep. Agri-
cultural activities may have partial impacts on water quality
particularly by addition of nitrate, sulfate, and phosphate,
occurring from the Middle Mountain areas to the lower
Terai region.

2.2. Geologic setting

Geologically, the Himalayan basin is divided into four
units from north to south separated by major thrust sys-
tems: the Tethyan Sedimentary Series (TSS), the High
Himalaya Crystalline (HHC), the Lesser Himalaya (LH),
and the Siwaliks (Gansser, 1964; France-Lanord et al.,
2003). The headwater Langtang Lirung area lies in a com-
plex transition zone between the HHC meta-sediments in
the south and TSS in the north. Primarily, the Langtang
watershed is underlain by high-grade metamorphic rocks
with traces of igneous rocks, including migmatites, gneisses,
schists, phyllites and granites (Inger and Harris, 1992).
Based on X-ray fluorescence analysis of rock samples from
the debris area of the Langtang Lirung Glacier (Bhatt et al.,
2008), the bedrock consists of biotite, quartz, plagioclase
with minor amount of muscovite, alkali feldspar, ilmenite
and sillimanite. Biotite, quartz and plagioclase are the dom-
inant silicates in the bedrock with lesser amounts of mus-
covite, alkali feldspar, ilmenite and sillimanite in the
Himalayan region. In the high mountain region of central
Nepal Himalaya, the major rocks are grey phyllites and
grilstones with conglomerates and white massive quartzites,
basic intrusion, grey calcareous slates and carbonates, as
well as thick beds of grey siliceous dolomites (DMG,
1980, 1994). Cryothents, cryumbrepts, and lithic types of
soils are dominant in the high elevation area of Langtang
valley (SD, 1984).

The lesser Himalaya is composed of variable metamor-
phosed Precambrian sediments with quartzo-peltic schists,
quartzites, and dolomitic carbonates (Gansser, 1964; Galy
and France-Lanord, 1999). White massive fine to medium
grained quartzites, green phyllites, basic intrusion, grey
limestones and dolomites with thin intercalations of grey
sales, white pink dolomitic limestones, purple quartzites
and green shales are found in the middle mountain area
(elevation range ~1,500-2,700 m asl) of central Nepal
(DMG, 1980, 1994). Dominant soil types found in the cen-
tral middle mountain region of Nepal include ustifluvents,
eutrochepts, dystrochrepts, hoplumbrepts, lithic subgroups
of eutrochepts and ustorthents, and ustorthents (SD, 1984).

In the southernmost part of the range, the geology con-
sists of the recently uplifted Siwaliks, formed from Mio-
Pliocene derail sediments accumulated in the previous
Gangetic plain (Galy and France-Lanord, 1999; France-
Lanord et al., 2003). Calcareous quartzites, limestones,
black dark grey to greenish grey shales with intercalation
of limestones and quartzites, coarse-grained sandstones,
dark grey clays, silty sandstones to conglomerates are
found in the low elevation Siwalik and Terai region of cen-
tral Nepal (DMG, 1980, 1994). Dominant soil types in
these low elevation areas are ustorthents, psamments, usti-
fluvents, fluvaquents, haplaquepts and halustolls (SD,
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1984). The presence of sulfide bearing minerals such as pyr-
ite, galena, sphalerite and pchalco pyrite enhance the disso-
lution rates of minerals within the basin (Bhatt et al., 2007).

2.3. Drainage basins by physiography

Nepal is divided into five physiographic divisions: Terali,
Siwaliks, Middle Mountains, High Mountains, and High
Himalayas (Kansakar et al., 2004; WWFE Nepal, 2005). Ele-
vation ranges for these five divisions are not very precise
but we can approximately consider Terai being lower than
300 m, Siwaliks from 300 to 1,500 m, Middle Mountain
from 1,500 to 2,700 m, High Mountain from 2,700 to
4,000 m, and the High Himalaya from 4,000 to 8,848 m.
However, the Survey Department, SD (1983) considers
Siwaliks from 300 to 700 m, Middle Mountain from 700
to 2,000 m, High Mountain 2,000 to 2,500 m, and High-
Himalaya from 2,500 to 8,848 m. Due to wide variation
in elevation with these physiographic divisions, there is
wide variation in temperature, precipitation, runoff, physi-
cal erosion, vegetation and geology.

The High Himalaya region is home to eight of the
world’s highest mountains and the deepest gorge (5,791 m
in the Kali Gandhaki) (WWF Nepal, 2005). Cool temperate
climate and subalpine vegetation characterize the High
Mountain region. Generally, soils in this region are young
and thin, with a shallow regolith. In contrast, a deeper rego-
lith occurs in the low elevation region where soils are older,
thicker, more clayey, wetter and rich in organic matter.

Zonal movement of the summer monsoon, physio-
graphic variation, and mountain relief exert control of pre-
cipitation patterns in Nepal (Kansakar et al., 2004). There
was extensive deforestation in the lowland Terai and Siwa-
lik regions in the past, and therefore landslides occur fre-
quently in this region contributing large amounts of
sediment transported through the river systems of these
low elevation regions (WWF Nepal, 2005).

In addition to increased river discharge towards low ele-
vation due to contribution from tributaries, precipitation
varies widely along the drainage basin causing discharge
variations at different transects of the basin (refer to Sec-
tion 4.3). Furthermore, groundwater storage plays a major
role in low elevation regions (Andermann et al., 2012). Sea-
sonally, the highest discharge occurs during monsoon
months (June to September), followed by the post-
monsoon months (October to January) and least during
the pre-monsoon months (February to May). In this work,
we will follow this seasonal classification for the purpose of
analysis.

3. MATERIALS AND METHODS
3.1. Sample collection

Surface water (including glacial melt water) sampling
was carried out from the Lirung outlet point within the
Langtang valley to Narayanghat at varying elevations
(169-3,989 m asl) by selecting sixteen stations (LNS-1 to
LNS-16) in this transect (Table 1). Water temperature
(WT), electrical conductivity (EC) and pH were measured

in the field by thermometer, EC meter (JENWAY EC-
4200) and pH meter (TECPEL pH-873) respectively. The
pH meter was calibrated every time before its use and after
every five samples if the sample frequency was high. Water
samples were analyzed for suspended sediments (SS), dis-
solved organic carbon (DOC), total dissolved nitrogen
(TDN), dissolved silica (SiO,), and major ions. Measure-
ments and samples were taken from November 2010 to
November 2011, except December 2010, on monthly basis
or bimonthly basis depending on the variable measured
and sampling station (Table 2).

Each water sample was filtered through a pre-combusted
glass microfiber filter (Whatmann GF/F) with a pore size
0.45 pm for the DOC samples and polycarbonate microfi-
ber filter with a pore size of 0.45 um for the major ions
and dissolved silica analysis. Samples were collected in
100 mL acid washed polyethylene bottles, kept refrigerated
in Kathmandu, and sent with ice packs to the Institute for
Biogeochemistry and Marine Chemistry of the Universitdt
Hamburg (now Institute for Geology) for analysis. The
DOC samples were taken in 30 mL glass vials in which
30 pl of phosphoric acid was added just after the filtration
in the field. Pre-weighted filter papers were used to measure
SS in each sample.

3.2. Analytical methods

The gravimetric method was used to measure SS on 47
mm GF/F and polycarbonate microfiber filter after drying
in a vacuum oven at 40 °C for 48hr; the detection limit for
SS was 1 mg L™!. Alkalinity was estimated using a charge
balance. Dissolved silica was analyzed with a DR 3800
spectrophotometer (HACH Company) using the standard
molybdenum blue 8185 method.

Major cations Na®, K*, Mg*", Ca®>", and NHJ, and
major anions, F~, CI7, NO, NOj3, and SO3~, were deter-
mined by cation (Metrohm Compact IC pro 881-cation)
and anion (Metrohm Compact IC pro 881-anion) chro-
matography, respectively. Anions were measured with a
Metrohm self-regenerating suppressor MSM (50 mmol/L
H,SO,) and analytical column Metrosep A SUPP 5-250
and cations with a Metrohm (C4) cation separation column
(150 mm long). Analytical errors were <2% for ClI™, NOs3,
SO3~, Na*, K*, Mg*", Ca®*, and SiO,, <4% for NHJ
and <5% for PO4 — P. The precision was better than 5%
and each sample was measured three times with repro-
ducibility between 95 and 99%. We report SO3~ as sulfate
measured directly by chromatography and not as sulfur.

High temperature Pt-catalyzed combustion, by Shi-
mazdu TOC-Vcgy with a total-nitrogen measuring unit,
was used to measure TDN and DOC. The dissolved inor-
ganic carbon species including pCO, were calculated for a
base elevation scenario for comparability using water tem-
perature, pH, alkalinity, dissolved silica and major ions with
the program PhreeqC V2 (Parkhurst and Appelo, 1999).

3.3. Silicate and carbonate weathering contributions

Chemical mass of the elements in a river system
originates mainly from chemical weathering of minerals,
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Table 2

Months sampled by station for groups of variables (x = WT and pH), (y =SS, SiO,, and major ions), and (z = DOC and TDN). Also shown
are total n of values available for analysis by month (nx, ny, and nz) and by station (mx, my, and mz). An X, y or z entry indicates that the
variable of that group was sampled for that month and that station. EC is not shown and was sampled only on October 2011 from LNS-4 to

LNS-16, and November 2011 from LNS-4 to LNS-7.

Station 2010 2011 nx ny nz
Nov Dec Jan Feb Mar  Apr May  Jun Jul Aug  Sep Oct Nov
LNS-1 X,y,Z X,y xy,z XY,z XY,z XyzZ XYz XYz XYz XYz Xyz Il 11 10
LNS-2 X,y,Z X,y XY,z XY,z XY,z XYz XY.Z XYZ XY,Z XY, Z XY,Z 11 11 10
LNS-3 X,y,Z X,y XY,Z XYy.Z XY,z XY,Z XYy.Z XY,z XV.Z XYz Xy,z 1l 11 10
LNS-4 X,y,Z XY,z XYy,Z Xy, Z XY,z XY,Z XY.Z XY,z XY,Z XY,Z XY,Z X)Y.Z 12 12 12
LNS-5 X,y,Z Xy,z XY,z XY,z XYz XY,z XYVZ XYz XYz XVyzZ XYyz XYz 12 12 12
LNS-6 X,y X,y XY.Z  XY.Z  XY.Z  XY.Z  XY.Z XY,Z XY, Z XY,Z XYV.Z X)Y.Z 12 12 10
LNS-7 X,y X,y Xy,z XY,z XY,z XYz XY.Z XYyZ XYz XY,z XVyz Xyz 12 12 10
LNS-8 X,y,Z Y,z N4 Y,z y,Z Y,z y,Z 2 7 7
LNS-9 X,y,Z & v,z v,z v,z v,z v,z 2 7 7
LNS-10 X,Y,Z Y,z Y,z Y,z Y,z y,Z Y,Z 2 7 7
LNS-11 X,y,Z v,z v,z v,z v,z v,z v,z 2 7 7
LNS-12 X,y,Z Y,z Y,z Y,z y,Z y,Z Y,z 2 7 7
LNS-13 X,y,Z & v,z v,z y,z v,z v,z 2 7 7
LNS-14 X,y,Z A4 Y,z Y,z y,Z Y,z y,Z 2 7 7
LNS-15 X,y,Z y v,z v,z v,z y,z v,z 2 7 6
LNS-16 X,Y,Z y Y,z Y,z Y,z Y,z Y,z 2 7 6
mx 16 0 7 4 7 7 7 7 7 7 7 16 7 99
my 16 0 16 4 16 7 16 7 16 7 16 16 7 144
mz 14 0 9 4 16 7 16 7 16 7 16 16 7 135

atmospheric input or cyclic salt, and anthropogenic input.
The contribution of silicate and carbonate weathering was
estimated based on the approach of Galy and France-
Lanord (1999). For these relatively pristine Himalayan
river systems, we considered anthropogenic sources as neg-
ligible and thus the concentration of an element [X] is esti-
mated as

X] = X, + [X], ()

where the subscripts ¢ and w stand for cyclic and weather-
ing contributions respectively.

Sea-salt inputs to surface waters are estimated using
molar ratios of elements found in seawater (Keene et al.,
1986; McDowell et al., 1990; Millot et al., 2002; Bhatt
and McDowell, 2007). River-water chloride concentration
was used as a reference species to correct the contribution
of sea-salt in surface waters for Na, K, Mg, Ca and SO,.
We subtracted sea-salt concentration from total measured
concentration of the concerned element, using chloride-
normalized ratios 0.8621, 0.0188, 0.1958, 0.0378, and
0.1043 for sodium, potassium, magnesium, calcium and sul-
fate, respectively (Keene et al., 1986). The sea-salt corrected
concentration of each chemical species is represented with
an asterisk

X] = [X] = X, = X, )

.
Input of major base cations due to chemical weathering
comes primarily from weathering of carbonates and sili-
cates within the Himalayan basin. Thus, after cyclic salt
correction, the contribution of major base cations is

X] =X + Xl 3)

car

where the subscripts car and si/ stand for carbonate and sil-
icate weathering respectively. We assume that the contribu-
tion of sodium and potassium after cyclic salt correction is
from silicate dissolutions only as there is no contribution of
these elements from carbonate dissolution. The contribu-
tion of evaporites to sodium weathering fluxes is assumed
negligible for this basin. Thus, we can write

“[Nal,;, ~ "[Na] and *[K];, ~ *[K] )

~
sil — sil —

Galy and France Lanord (1999) estimated the magne-
sium contribution from silicate weathering by multiplying
the ratio of magnesium to potassium (0.5 £ 0.25) with the
cyclic salt-corrected potassium concentration. Our concen-
tration data show a high variability with a skewed distribu-
tion because of the influence of seasonality. At three sites,
LNS-1, LNS-4, and LNS-7 we had data on water flow
(see Section 3.5 below) allowing us to calculate flux. These
stations are denoted Q1, Q2, and Q3 respectively. For all
three sites with discharge measurements, the contribution
of Mg to the total silicate weathering fluxes ("Sbcaty;) is rel-
atively low (at LNS-1, the lowest monitoring location
where the contribution is highest has a median of 15.5%
and 95%-percentile of 25.6%). Whereas the Na plus K con-
tribution to total silicate weathering ("Sbeat,;) is much
higher (at LNS-1 the median contribution is 75.6%, and
the 95% percentile 79.3%). The first quartile, median, and
third quartile Mg concentration at Narayanghat (LNS-1,
Q1) originating from silicate weathering is 29.0, 38.5 and
57.0 (in pmol L™Y), at Betrawati (LNS-4, Q2) 16.5, 25.0
and 32.8, and at Syabrubenshi (LNS-7, Q3) 14.6, 18.3
and 23.1, respectively.
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We also observe a few “[Mg] to "[K] ratio values greater
than 1. For catchments underlain by pure silicate rocks in
the region the “[Mg] to “[K] ratios appears to be low, rang-
ing from 0.2 to 1 (Galy and France-Lanord, 1999). Thus,
we used the ‘[Mg] to “[K] ratios of 0.5+ 0.25 as a first
estimate:

“Mgl,, = *[K],, x (0.5+0.25) ~ *[K] x (0.5+£0.25) (5)

sil sil

Total calcium concentration after cyclic salt correction
from silicate weathering can be estimated by multiplying
molar ratios of calcium to sodium (Ca/Na =0.2 £ 0.02)
by the sea-salt corrected sodium (Galy and France
Lanord, 1999). For all three sites with discharge measure-
ments (where we can calculate flux), the calcium contribu-
tion to total silicate weathering (*Sbcatx,-,) is low (median
8.93% and 95%-percentile 12.6%, at LNS-1). The first quar-
tile, median, and third quartile of Ca contribution to silicate
weathering (in pmol L") is 12.5, 17.6, 69.2 at Narayanghat
(LNS-1, Q1), 10.7, 17.6, 41.6 at Betrawati (LNS4, Q2), and
6.75, 10.8, 42.0 at Syabrubenshi (LNS7, Q3), respectively.

The geology of our study area is similar to the study area
of Galy and France-Lanord (1999) and the Ca/Na average
ratios of whole silicate rock composition of eroded forma-
tions within the High Himalaya region is in the range of
0.18 to 0.25 (Brouand, 1989 as cited in France-Lanord
and Derry, 1997; Galy and France-Lanord, 1999). There-
fore, we use

*[Cal, ~ *[Na],, x (0.2 4 0.02) ~ *[Na] x (0.2 0.02)

sil —
(6)
Now, the total silicate contribution is the sum of base
cations (*Sbcats,-;) from silicate weathering only

*Sbeat,; = *[Nal, + *[K], + Mgl + *[Ca], ()

Magnesium and calcium contributions from carbonate
weathering can be estimated by subtracting silicate-
weathering magnesium and calcium from total cyclic salt
corrected magnesium and calcium respectively, therefore

sil sil sil

‘Mgl = "[Mg] - "[Mg],;, ~ "[Mg] = "[K] x (0.5 £ 0.25)
(®)

*[Ca],,, = *[Ca] — *[Ca],, ~ *[Ca] — *[Na] x (0.2 £0.02)
©)

Total carbonate contribution is the sum of base cations
from carbonate weathering only, which, using Egs. (8) and
(9), can be rewritten as

*Sbeat., ~ *[Mg].. + *[Ca] (10)

car car

In summary, we use Egs. (7) and (10) to estimate the
silicate and carbonate weathering contribution to the
dissolved chemical species in the river water. To assess
the propagation error due to the variability in the ratios
Ca/Na=0.240.02 and Mg/K =0.540.25, we applied
Monte Carlo resampling (Acevedo, 2013) by generating
1000 random samples of these ratios and calculating
*Sbcat,; and *Sbcat,,for each random sample. This
allowed estimating the standard error of these values and
their influence on subsequent calculations.

To be consistent with the literature, the concentration
units were changed first into meq L™ when correcting for
cyclic salt inputs. Later we changed into molar units to
make them comparable to silicate and carbonate contribu-
tion to total weathering. Finally, we estimated the contribu-
tion of each element in mol L™! or mg L™! as commonly
reported in the literature.

3.4. Spatial and temporal variability

All measured physical and chemical variables were
grouped by season (pre-monsoon, monsoon, post-
monsoon). Their seasonal average and variability were then
plotted as a function of elevation of the sixteen sampling
stations (LNS-1 to LNS-16) to examine spatial variability.
In order to study the temporal variability, we constructed
complete time series for all measured water chemistry vari-
ables for the period November 2010 to November 2011.
Because December 2010 was not sampled, the missing data
were interpolated.

3.5. Hydrologic data and flux calculations

We examined river discharge data provided by the
Department of Hydrology and Meteorology (DHM,
2008), Government of Nepal. As mentioned in Section 3.3,
we used daily flow data from three locations (denoted here
as QI, Q2, and Q3) that corresponded to water chemistry
stations LNS-1, LNS-4, and LNS-7 respectively. Of these,
the highest location, Q3, is the Langtang River at
Syabrubenshi, Middle Mountain (available data for 2010-
2013). At intermediate altitude, the Q2 location is the
Trishuli river at Betrawati (available data for 1983-2014),
in the Siwaliks, and lastly at the base of the Himalaya,
lower Terai plain, the location, QI, is the Narayani river
at Narayanghat (available data for 1963-2011) (Fig. 1).

Flow data from November 2010 to November 2011 was
selected in order to correspond to our water-sampling per-
iod. Flow in m®s™! was normalized per unit of basin area
(in km?) and accumulated per year, to represent it as speci-
fic discharge or runoff ¢ in m yr~'. The catchment area of
each station is 31,795 km? for Ql, 4,640 km? for Q2 and
583 km? for Q3.

For these three sampling stations, we examined concen-
tration vs discharge plots using ¢ in log scale as the horizon-
tal axis variable. For each watershed and solute, we
estimated the solute production using the model of Maher
and Chamberlain (2014) as discussed in Ibarra et al. (2016)

JDele o Du (11)
max 1 + Dw/q maxq + Dw

where C is the solute concentration in pmol L™ (mea-
sured), C,,,. corresponds to the thermodynamic limit, esti-
mated here to be the maximum concentration of a solute
for each catchment, and D,, is the Damkohler coefficient
in myr~! (same units as runoff), which was estimated by
non-linear regression using C and ¢ data (Supplementary
information Tables S1, S3, S4 and S95). For this purpose,
we employed the nls-function of the program R
(Acevedo, 2013; CRAN, 2018). We wrote a function that

C=C
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finds the maximum value for each constituent, assigned this
maximum to C,,,,, calculated a first estimate for D,, as the
value of ¢ for which the concentration attains C,.x/2, then
used this first estimate as argument in the function nls. This
function successively iterates the estimate to determine the
value of the parameter value D,, that produces the best fit
by optimization.

In addition, we calculated area-normalized fluxes as the
product of concentration (in mg L' for SS, DOC, TDN,
and SiO, and mol L™ for ions) and runoff in m yr~!. Thus,
the area-normalized flux was expressed in t km =2 yr~! for
SS, DOC, TDN, and SiO, and mol km ™2 yr_1 for ions.
For brevity, hereafter we will simply use the term flux to
refer to the area-normalized flux.

To calculate the total annual export, we used the annual
average of the product daily water flow times the corre-
sponding concentration values (interpolated in a few cases
of missing data). The total cationic flux was calculated from
the Sbcat flux, which is the sum of major cations concentra-
tions before sea-salt correction. Then its annual value was
denoted as cation export rate. These annual cation and sil-
ica loads were then compared with other world rivers.

We included flux calculations for silicate and
carbonate weathering contributions  *Sbcat,; and
*Sbcat.,,. The cationic weathering flux after sea-salt
correction was calculated as the flux of the sum of both
*Sbcat = *Sbcat,; + *Sbcat.,, and then converted to
annual cation denudation rate (CDR).

Finally, we use CDR to calculate WP, or also known as
“weathering advance rate of any scale” (Navarre-Sitchler
and Brantley, 2007) using the equation

CDR
why =————
b ppa(l - d))

where WPy is given in mm?® mm~? kyrfl, CDR in tons
km 2 yr !, pp is the density of parent rocks (g/fem?), o is
the ratio of base cations per g of parent rock, and ¢ is
porosity of parent material. The Langtang-Narayani river
system is mostly underlain by metamorphic terrane so we
used the average rock density (2.78 g/cm®) for metamorphic
terrane range from 2.7 to 2.86 g/cm® (Smithson, 1971), and
o =0.15and ¢ =0.1 as a first estimate for the region.

(12)

4. RESULTS

Water quality variables, SS, DOC, TDN, SiO, and
major ions, were measured for most months over the study
period for stations LNS-1 through LNS-7, but only
bimonthly for the higher elevation sampling locations
LNS-8 through LNS-16 (Table 2, Table 3). Concentrations
of ammonium and phosphate were often below detection
limit or negligible and were therefore excluded from further
analysis.

The major cation and anion compositions followed in
general the order Ca?" > Mg”" > Na* > K" and Alkalin-
ity > SO3~ > CI” > F~ > NOj along the entire Langtang-
Narayani drainage network. The sea-salt corrected "Na,
K, *Mg, “Ca, and "SO,, represent in this analysis the con-
tribution from rock weathering, and were on average
80.3%, 99.1%, 96.8%, 99.9%, and 98.5% of the total

Table 3

Annual average of concentrations of major constituents along the Langtang Narayani river system in central Nepal. The standard deviations were calculated using n as given in Table 2. The full

data set is provided in a Supplement Excel Table.

Ca Si

Mg

Na

NO3

F Cl SO,

Alkalinity
umol/L

TDN

DOC

SS

Sample

Name

umol/L umol/L umol/L umol/L umol/L umol/L umol/L
52 + 81

umol/L umol/L umol/L umol/L
93 + 82

mg/L

152 + 40
121 +26
136 + 26
125+ 49
94 £27
98 +£23
93 £23
89+ 19
78 £21
81 + 31
66 + 25
57+25
44 +20
43 £ 11
40+9

69 +20

877 £ 351
606 + 168
466 + 141
417 £ 191
494 + 215
637 +213
295 + 84
430 £ 419

396 £ 156
210 £+ 65

100 £+ 67
555+ 18

66 +42

304 £ 260
152+ 111

218 £71
189 + 64
110 £ 37
106 £ 60
172 +£ 80
201 £ 73
85+£27
80+ 18

142 £ 129
28 £ 16

5.0+1.1

2,316 + 917
1,422 + 412
1,143 + 388
1,070 + 442

139 + 64
150 £ 59
129 £ 91
173 + 45
150 + 96
116 £ 79
108 + 58
111 +37

449 + 586
488 + 849
536 + 867
210 + 352

LNS-1

5.5+7.7
54+73
32426
55+£59
6.4+ 6.6
52442
3.7+4.1
2.7+£32
49+52
4.24+6.0
5.1+58
4.6 +6.1
7.3 +8.0
7.0+£9.2
32+43

64+14
6.7+£1.5

58 +55
38 £27
S1+75

LNS-2

125 +41.1
124 + 54
143 £ 81
173 £ 67
42422
36+9
37+ 10
47 £ 26
44 +10
36 +18
S1+42
26+ 13
24 £ 11
45+ 12

160 + 113

32+19
25+ 19

LNS-3

116 £212
44 +17
64 +49
40 +41
39+ 16
48 +18
43+ 17
38+ 11
33+15
31+£13
54+ 52
3715
39+ 15

153 £ 102
167 + 143

13.4+264
7.8+2.1

LNS-4

3024
45 £ 27

1,016 + 1,851
1,418 + 521
642 £219
909 + 890
659 + 280
744 + 405
704 £ 312
538 + 386
605 + 474
396 + 255
396 + 253
758 + 375

35+39
23+ 12
19+8
16 £8
15+9
27+13
15+7
20+ 8

188 + 282
167 £ 250
299 + 601
240 + 457
254 + 563

LNS-5

196 + 140
125+ 95
120 £ 99

82420
89+2.1
9.6+23

LNS-6

18+ 16
I11+6
13+6

LNS-7

LNS-8

304 + 106

120 £ 100

81 £17
92 +20
96 £ 25

143 +12.6
10.3+4.0
122 +3.5
8.1+5.0
7.4+49
62+1.8
62+1.38

146 £+ 126
427 + 453

LNS-9

345 4+ 158

130 £ 100

155+8
10.6 +8

100 £ 165

LNS-10

343 £ 124
263 + 167
278 +202
228 + 127
229 4+ 127
367 + 151

113 4+ 100
95 +97
75+76
84 +77
83+ 75

144 £+ 108
152 +90
121 £ 62
106 + 59
138 £+ 60
122 £ 58

129 + 194

40 £48

LNS-11

82+ 39
71 £43

92+76
73+£28

LNS-12

28 £ 26
31+9
33+£11
23+ 10

76 £ 54

LNS-13

105 £49
105 £+ 48
101 £ 30

26.4 + 50
79+4.7

88 + 46
55+ 34

LNS-14

LNS-15

127 £ 109

13.3 £ 10.6

15.3+3.7

109 £ 131

LNS-16

215
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concentrations, respectively. In addition, the contribution
of marine aerosols varied little with elevation, except for
sodium (Table S2).

After sea-salt correction, the sum of divalent ions (cal-
cium and magnesium) accounts for 85% of the total sum
of all major cations, on average, whereas the sum of mono-
valent ions (sodium and potassium) contributes 15% to the
total sum of the major cations (Table S2). Alkalinity con-
tributes nearly 75% to the total sum of anions, and sulfate
contributes 22% to the total sum of anions, on average
(Table 3). Thus, sulfate and alkalinity account for most
(~97%) of the total sum of anions. The contribution of flu-
oride (0.96%) and chloride (2.10%) to the total sum of
anions was minor and accounts for most of the remainder,
since that of nitrate contributed on average 0.47%.

Bicarbonate (HCO;) is the dominant inorganic carbon
species, contributing 85% to the total DIC followed by dis-
solved carbon dioxide (CO,/H>CO3) and carbonate (CO3)
in the surface water. The river water was supersaturated
with carbon dioxide (pCOs) in Terai, Siwalik and the lower
middle mountains region (LNS-1 through LNS-7) around
the pre-monsoon period (February to May), elsewhere, a
mixed picture is observed, with partly under-saturated con-
ditions at sites LNS-8 through LNS-16 (Table S1), proba-
bly because sea level air pressure was assumed for the
calculation. Results suggest that excess-CO, degassed
rapidly in the steeper parts of the catchment, as river water
in general supersaturated with respect to CO, (Kempe,
1982; Raymond et al., 2013; Lauerwald et al., 2015). Nota-
ble are relatively high pCO, values around stations LNS-5
to LNS-7, which correlate with a low pH (Table S1), which
on average affects the calculation towards an overestima-
tion (Abril et al., 2015). Therefore, the interpretation will
be conducted qualitatively.

4.1. Spatial variability: elevational gradients by season

In the post-monsoon season, water temperature shows a
clear decreasing trend with increasing elevation from the
base of the Himalaya to the higher elevation sites in the
high Himalaya within the Langtang valley (Figure Sla).
The pH was in general between ~7 to 8 during the post-
monsoon and the monsoon season, indicating that the sur-
face water is slightly alkaline along the entire Langtang
Narayani river system during those seasons. However, the
water became slightly acidic during the pre-monsoon sea-
son below station LNS-7 (Figure S1b). EC ranged from
116 pS em™" to 667 pS cm ™" along the Langtang Narayani
river system (graph not shown because it was measured
only during fall).

SS concentrations show a decreasing trend with increas-
ing elevation during the monsoon season (Figure Slc),
which is in contrast with the pre-monsoon and the post-
monsoon season with in general low concentrations. DOC
concentrations did not show any clear trend with elevation
if data for each season are considered. At higher elevations,
pre- and post-monsoon season values are higher than dur-
ing monsoon time. DOC fluctuates typically between 1 and
3 mg L~ for almost all sites except site (LNS-10) which had
2 to 5 times that value during the pre- and post-monsoon

season (Figure S1d). Seasonality of TDN shows no clear
trend with elevation, but higher values during the post-
monsoon period in the lower reaches (Figure Sle). Dis-
solved Si shows a strong relationship with elevation along
the entire river system for all seasons, with elevated concen-
trations in the higher areas during the non-monsoon time
compared to the monsoon season, but with a mixed sea-
sonal picture in the lower parts of the basin (Figure S1f).

The sum of anions shows an increasing concentration
trend with decreasing elevation, with partly less pro-
nounced trends, or no clear trend, for single anion species
and different seasons (Fig. 2). Alkalinity shows a clear
increasing trend towards lower sites for all seasons with
some scattering at Middle-Mountain sites LNS-5 and
LNS-6, where also a step-like increase in sulfate concentra-
tion can be observed. The strong increase in alkalinity in
the lower areas indicates their relevance for alkalinity pro-
duction. Fluoride concentrations are high with considerable
variability in the Siwaliks, Middle and High Mountain sam-
pling sites. Chloride, nitrate, and sulfate had highest con-
centrations during the pre- and post-monsoon season at
low elevations. However, in high-elevation sites, the sea-
sonal difference is small or not clearly present, and no clear
trend can be observed there (Fig. 2). Nitrate lacks a system-
atic trend, but elevated concentrations are observed during
non-monsoon seasons at the lowest elevation. Sulfate
shows a clear seasonality and with locally elevated values
at the Middle Mountain sites LNS-5 and LNS-6, particu-
larly during the pre- and post-monsoon seasons.

Among the base cations (Fig. 3), sea-salt corrected
sodium “Na shows the most pronounced seasonality pat-
tern along the entire drainage network, with more than a
five-fold lower concentration during the monsoon season
than during the pre- and post-monsoon seasons. During
the monsoon-season no dilution effect is observed for K,
but in the opposite, elevated concentrations at the lower
sites (LNS-1 to LNS-5). Magnesium, and calcium have sim-
ilar elevational trends for all seasons, interrupted at the
Middle Mountain sites (Fig. 3) and show only a small dilu-
tion effect during the monsoon season at the lower reaches
(LNS-1 to LNS-4).

The contribution from marine aerosols to major ions are
~19.7% for sodium, 1.2% for magnesium, but are negligible
for potassium, calcium and sulfate, while the contribution
varies with elevation in a not clear, systematic way
(Table S2).

The sum of base cations represent an average of the
increasing trend with decreasing elevation, with monsoon
values lower in a similar manner observed for Na for the sil-
icate derived cations Sbcat,; while seasonality is less
expressed for cations from carbonate weathering “Sbeat,,,

(Fig. 3).
4.2. Temporal variability: time series by elevation range

Time series, including interpolations during Nov 2010-
Nov 2011, corresponding to four selected elevation sites
along the Langtang Narayani river system are presented
in Figure S2, Fig. 4 and Fig. 5 (LNS-1 represents Terai,
LNS-4 represents Siwaliks, LNS-7 represents Middle
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Fig. 2. Elevational gradients by season for major anions and the sum of anions (San) during 2010-2011. Values are averaged for each season

and bars correspond to +standard error.

Mountain, and LNS-11 represents High Mountain). To put
the interpretation of concentration patterns in the context
of seasonal discharge variation, it should be noted that dis-
charge at all three stations with monitoring data (LNS-1, 4
and 7) decreases from around August/September till April
(strongest decrease between August and November) and
starts to rise from around May till August with high dis-
charge levels till September.

The pH shows a decreasing pattern towards March
2011, while recovering during the monsoon and post-
monsoon season, except for one unusual low value for
LNS-7. SS shows a strong increase during the early mon-
soon season for all stations and prolonged elevated concen-
trations for the lowest site LNS-1 until September. DOC
and TDN show a decreasing pattern until March 2011 for

the two lowest sites and then increasing concentrations dur-
ing the late pre-monsoon and monsoon season (Figure S2d-
¢). TDN shows an unusually high value in April at LNS-1,
which is only in part replicated by NOj; changes. This low-
est sampling site shows in general higher TDN concentra-
tions compared to the others, which is not the case for
DOC (Figure S2d-e). Dissolved Si shows a decreasing pat-
tern from January towards the monsoon season, while
recovering in during the monsoon and post-monsoon sea-
son, with exception of the highest site LNS-11, showing a
delayed recovery. There appears to be an increasing concen-
tration pattern towards lower elevations in general for dis-
solved Si (Figure S2f).

Alkalinity is low during the monsoon season, with
exception of LNS-1 (Fig. 4). The alkalinity concentrations
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Fig. 3. Elevational gradients by season for major cations and the sum of cations contributed by silicate and carbonate weathering (*Sbcat,
and "Sbeat,,,) during 2010-2011. Values are averaged for each season and bars correspond to +standard error.

of LNS-1, the lowest elevation sampling location, are dis-
tinguishably higher than for the other sites in Fig. 4
throughout the year. F shows the highest concentrations
at high elevation during the year, with exception of two
data points, and a decreasing trend towards the monsoon
season for all stations. Cl, NO;, and "SO, at LNS-1 are
clearly higher than at the other sampling sites in the pre-
monsoon times and for SO, during the year with exception
of June (Fig. 4).

Sodium shows a comparable pattern for all stations,
remaining high during post-monsoon and pre-monsoon
and dropping quickly in April/May before the onset of the
monsoon considering the discharge records. 'K shows a sim-
ilar trend to "Na, except that after the decline in the early
monsoon, there is a large concentration pulse (temporal
increase) in the middle of the monsoon season for all

stations. This pulse is less evident at the high elevation site,
suggesting a common process affecting the “K concentration
at low to middle elevations during peak discharge time and
not causing a dilution effect as observed for *Na.

For the cations contributing mostly to the carbonate
weathering fluxes ("Mg and “Ca) at LNS-1 a comparable
concentration pulse can be observed, while dilution might
be expected during this period in the monsoon time. This
pattern is not observed for the higher sites.

At LNS-1 the observed pulse-like increase in *Sbcat,,,
towards August from carbonate weathering exceeds clearly
with about 1,000 pmol L™! relative to the lowest value in
June those from base cations *Sbcat,; contributed from
silicate weathering with around 150-350 pmol L™" due to
increase in 'K (depending if choosing May or June as
reference point for the increase).



M.P. Bhatt et al./ Geochimica et Cosmochimica Acta 238 (2018) 208-234

(@) (b)
- —o— LNS-1 .A. LNS-4 __ LNS-7 _a. LNS-11 ° —o LNS-1 .A. LNS-4 _¢_ LNS-7 _a. LNS-11
8t ST
<
o—-0 a-- A
/ \\ A~ \
of|l © / o \
St \\ / \ "\ °F N
= 6 ° \ \ . A
° N / \ / 3 N
E N/ \ / \\ 2 \
~o o \ o = /.A_o\ ’_A\ /A--A
<3k / \ o w o —o—° \ _ 2 > A7
<q \ / \ e oL A, \ A -
A \ o N -
USSP s CN // \\ e A---D--- A SN . a” /°
- R A ~o ) \ LON e —e— T,
8l a---a--4-22 NN VoM / a
=4 e —eoe =g -
«— AT —, S 6 _a obo——o0—=-0"", -1 & .40
AL TSeEATTa 8- 8 I a-a."8l oo Al
=04 ‘0~ a0
T T T T T T T T T T T T T T T T T T T T T T T T T T
2010-11 2011-01 2011-03 2011-05 2011-07 2011-09  2011-11 2010-11 2011-01 2011-03 2011-05 2011-07 2011-09  2011-1
° (©) (d)
3 —o— LNS-1 .A. LNS-4 _o_ LNS-7 _a. LNS-11 gl |- LNS-1 .A. LNS-4 _o LNS-7 _a. LNS-11
N
=} o o
r ’ of N\
N / \\ IS N
/o S o
=gt /o So N /"
=8 S B \ \
o o—o0—-0 \ =S N /
5 o~ \ = ° /A
= e \ © \ ;o\
ogre° \ o8t N /o)
\ - [ / \
N\ \
\ \ // \
o
st L A 8t o \
a LN AN -° \
- A . N QL o
A-mb A LI o 7 ke _a \
of 6= —:‘—'A/-A\‘:—:fr.‘é --A>R-—-‘; o-‘ ‘"&:x;at“:ﬁ&%"-t—‘-'-ﬁi-a‘—‘_‘
T T T T T T T T T T T T T T T T T T
2010-11 2011-01 2011-03 2011-05 2011-07 2011-09  2011-11 2010-11 2011-01 2011-03 2011-05 2011-07 2011-09  2011-11
o (e) ()
] —o— LNS-1 .A. LNS-4 _o_ LNS-7 _a. LNS—11| o —o LNS-1 .A. LNS-4 _o_ LNS-7 _a. LNS-11
§_
VRN -°
o -
ar // N sl ° \\
=3 /7
o < O\ y \
= 7 = ~
= = o
° 4 3 “o ° \ \
Eo 0——0—-0 A gg- \\ // \ / \
23r N a8 o \ / \
oy o c \ /
S |la--a-.a R 5 \ ° \
P \ ’ Y U’)g \ / \ .°
A---A--Ax As-a ar A / \ o’
S . < _. A PREREN o \ -
52 0-_”’_'—‘.1—.\ A_._A N L, < \\/ o/
° . )
S g——0— 7 778z _o-_ . A
= Al "Npt—a -
. ‘A"’ A A%%<A_-_:.
o L]
T T T T T T T T T T T T T T T T T T T T T T T
2010-11 2011-01 2011-03 2011-05 2011-07 2011-09  2011-11 2010-11 2011-01 2011-03 2011-05 2011-07 2011-09  2011-11

219

Fig. 4. Time series during Nov 2010-Nov 2011 for representative sampling sites for each elevation range for major anions along the Langtang
Narayani river system, including the sum of anions (San). LNS-1 represents Terai, LNS-4 represents Siwaliks, LNS-7 represents Middle

Mountain, and LNS-11 represents High Mountain.

For LNS-1 concentrations of "Mg and "Ca are clearly
higher on average than at the other sampling sites during
the entire year and comparable to the sum of alkalinity
and “SO,. In general, the contribution from silicate weath-
ering (*Sbcat,;) follows a pattern driven by "Na, 'K, and
"Mg, whereas contribution of carbonate (*Sbcat,,,) follows
the more dominant pattern of "Ca (Fig. 5).

4.3. River water flow and fluxes

River discharge shows the typical seasonal pattern for
the region (Fig. 6). Peak monsoon discharge with respect
to lowest pre-monsoon discharge is ~8 times larger at Q3,
~30 times larger at Q2, and ~50 times larger at Q1 (loca-
tions in Fig. 1). Therefore, the seasonal change in discharge

is much more marked at lower elevations than at higher ele-
vations (Fig. 6). Discharge increases at the lower elevation
sites are due to inputs from various tributaries such as Kali
Gandhaki, Budi Gandhaki, Seti, Bhote Koshi, and Mar-
syandi. Peak daily flow during the sampling period is 30,

1,143, and 8,607 m*s~' for Q3, Q2, and QI respectively.

At the Langtang Middle Mountain gauging station
(Q3), the average monsoon discharge during the study per-
iod was ~20.6 m*>s™! and 6.3 and 5.1 m*s7!, respectively,
in the post-monsoon and pre-monsoon season. In the Siwa-
liks section at the Trishuli gauging station at Betrawati

(Q2), the average monsoon discharge was ~416m’s

—1

followed by 57 and 51m’>s™!, respectively, in the
post-monsoon and pre-monsoon season. In the lower
Terai plain at the Narayani River gauging station at
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Fig. 5. Time series during Nov 2010-Nov 2011 for representative sampling sites for each elevation range for major cations along the Langtang
Narayani river system, including the sum of cations from silicate and carbonate weathering ("Sbeat,; and “Sbcat,,,). LNS-1 represents Terai,
LNS-4 represents Siwaliks, LNS-7 represents Middle Mountain, and LNS-11 represents High Mountain.

Narayanghat (Q1), the average monsoon discharge was
3,426 m*>s~! followed by 350 and 290 m>s™! in the post-
monsoon and pre-monsoon season respectively.

SS, DOC, TDN concentrations increase with runoff,
while less clear for DOC and TDN at LNS-1 (Figure S3),
while dissolved Si, anions and cations show in general a
typical decreasing concentration with increasing runoff,
with exception of NO; and Cl at LNS-4 and LNS-7 and less
clear for Mg and “Ca at LNS-7 (Figure S3, Fig. 7 and
Fig. 8). As observed above, 'K shows for elevated runoff
a higher concentration than would be expected from a dilu-
tion process (Fig. 8), which is also found for “Ca and "Mg
at LNS-1.

We estimated D,, for Si, base cations, sum of base
cations (addressing cations originating from carbonate
and silicate weathering separately), anions, and sum of

anions (Table 4). Dissolved Si has the largest D,, value of
4.08 m/yr for LNS-1 which has a significant p-value of
<0.02 and a standard error of 1.42.

At all stations, D,, values for ions or alkalinity originat-
ing mostly from carbonate weathering are higher than for
"Na and 'K contributing to silicate weathering flux. Cl
and NOj tend to have relative low D,, values at each station
compared to chemical species derived from weathering pro-
cesses, while not always the D,, is statistically significant at
p=0.05.

Most of the estimated D,, parameters are characterized
by significant p-values (p < 0.05), with exception of those
with no clear decreasing discharge dilution trend for
increasing runoff, as for example NO;, Cl, K, Ca, and
alkalinity at different sampling locations (Table 4, Fig. 7
and Fig. 8).
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Resampling using the Monte Carlo method allowed esti-
mating the variability of estimated coefficients C,,,,,. and D,,
for calculated “Sbeat,; and “Sbeat,,, (Figure S5). In general,
C,ax has distinguishably different values per station,
whereas D,, values are similar for LNS-1 and LNS-4 for
"Sbcat,; but these two are different from LNS-7. Contrast-
ingly, D,, results for *Sbcat,,, are similar for LNS-4 and
LNS-7 while being different from LNS-1 (Figure S5). The
p-values are all below 0.02 except for LNS-1, where most
p-values remain below 0.05 but with some values reaching
0.06 (Figure S95).

Flux versus specific discharge analysis show progres-
sively increasing fluxes relative to the increase in runoff,
with some exceptions due to clear dilution behavior with
increasing runoff as shown above (Figure S4, Fig. 9 and
Fig. 10). Most of the measured parameters showed highest
fluxes at LNS-1 followed by LNS-4 and LNS-7 except for
nitrate (Figure S4, Fig. 9 and Fig. 10).

4.4. Annual export of measured chemical parameters

Annual area normalized exports of solutes (Table 5)
showed highest rates at the low elevation site Narayanghat
(Q1, LNS-1), and lower exports at station Q2 (LNS-4) and
Q3 (LNS-7), in general. However, DOC export rates are
somewhat higher at the mid-mountain site LNS-4 than at
the lower site LNS-1 (Table 5).

Annual export rates for most parameters were highest
during the monsoon season, while the annual contributions
from the post-monsoon and pre-monsoon seasons were in
general comparable to each other (Table 5). Of the major
chemical species "Na is an exception, with lower export rates
during the monsoon season compared to the two other sea-
sons at the highest discharge monitoring site Q3 (LNS-7).
The monsoon period is most relevant for the parameter
SS, as the monsoon season contribution to the annual fluxes
are ~99%, 98%, and 97% for Q1, Q2, and Q3, respectively.
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Fig. 7. Concentration vs. specific discharge (runoff) for major anions for each station with discharge data and fit of the Maher and
Chamberlain equation and the values of the Damkdhler coefficient D,, in m/yr.

At Q1, the monsoon contribution to the export rate is
above 70% for most dissolved parameters (exceptions are
Cl and "Na, and NO;, with only ~20%; Table 5). A lower
contribution of the monsoon fluxes to the annual export
rate is observed at the stations Q2 and Q3 compared to
Ql, on average.

5. DISCUSSION
5.1. General patterns
Many of the measured parameters showed an increase in
concentrations with decreasing elevation along the river

system, with a break at LNS-5 (1,419 m asl) and LNS-6
(1,434 m asl) because of the mixing of the Bhotekoshi with

the Langtang at Syabrubenshi (Figure S1, Fig. 2 and
Fig. 3). These sites (LNS-5 and LNS-6) situated at the
MCT region where pCO, is comparatively high, and corre-
lated with elevated levels of sulfate, calcium and alkalinity
and lower pH (Table 3 and Table S1). Latter observations
were previously linked to sulfide oxidation and carbonate
dissolution, while from sub-catchments metamorphic CO,
may contribute to the observed alkalinity fluxes (Galy
and France-Lanord, 1999; France-Lanord et al., 2003;
Evans et al., 2008; Wolff-Boenisch et al., 2009; Bhatt
et al., 2016).

DOC concentration did not show a clear elevation
trend, but elevated values occurred at a landslide site
location, LNS-10. The DOC concentration, in general
<250 pmol L™!, is below the average of the median of
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Fig. 8. Concentration vs. specific discharge (runoff) for major cations for each station with discharge data and fit of the Maher and
Chamberlain equation and the values of the Damkdhler coefficient D,, in m/yr.

6,772 catchments reported in the GLORICH database with
395 pumol L™}, but closer to the 257 pmol L™! if only catch-
ments with elevation above 500 m (n =2,217) are selected
(Hartmann et al., 2014). The export rates of DOC from
the Middle Mountain area and low elevation sites were
3.33 and 2.62 tons km 2 yr~!, respectively and higher than
that of some North American River basins, but lower than
that of small tropical mountain rivers in Panama
(Lauerwald et al., 2012; Goldschmidt et al., 2015). Global
DOC fluxes vary in general between 0.1 ton C km ™2 yr~"
and 14 tons Ckm2yr~! (Aitkenhead and McDowell,
2000).

Human population density and activities such as agri-
culture may have some impact on low elevation hydro-
chemistry, and specifically TDN concentrations during

post-monsoon season from LNS-1 to LNS-4. This is not
reflected in the nitrate concentrations, with exception of
lower N-values at LNS-1, suggesting elevated contributions
from DON (not measured) or ammonium. Livestock activ-
ities may have some impact on high elevation sites relative
to the middle section of the basin (Collins and Jenkins,
1996; Bhatt et al., 2009), and nitrate or TDN levels are
within the global range of elevated catchments (compared
with GLORICH data in Hartmann et al., 2014).

5.2. Geogenic controls
The sea-salt contribution of sulfate is small along the

drainage network, suggesting that most sulfate is from geo-
genic sources along the studied drainage network (Galy and



Table 4

Statistics of non-linear regression estimates for C,,,,, and D,, for all ionic species. The columns for “Sbcaty; and “Sbcate,, are for the calculated mean values. Their variability is further explored by

Monte Carlo analysis (see Figure S5).

Station  Coeff or statistic Alk F cl NO, SO, "Na K Mg "Ca Si San “Sbcat  “Sbeat,;  Sbeat,,,
pumol/l  umol/l  umol/l  umol/l  umol/l  pmol/l  pmol/l pmol/l  pmol/l  pmol/l  pmol/l  pmol/l  pmol/l pmol/l
LNS-1 Cmax (umol/l) 3,641 7 411 215 327 413 273 555 1,364 215 4,521 2,450 698 1,705
Dw (m/yr) 2.18 2.99 0.39 0.25 2.28 0.62 0.24 2.96 2.44 4.08 1.62 1.94 0.83 3.05
Dw std err (m/yr) 1.04 0.73 0.13 0.13 0.84 0.25 0.13 1.31 1.22 1.42 0.71 0.86 0.37 1.44
Dw p-value 0.061 0.002 0.015 0.095 0.022 0.03 0.097 0.048 0.073 0.017 0.045 0.048 0.047 0.06
Residual Std Err (umol/l) 1,033 1 91 70 72 108 89 143 403 42 1,211 656 201 465
Degrees of freedom 10 10 10 10 10 10 10 10 10 10 10 10 10 10
LNS-4 Cmax (pmol/1) 1,611 9 62 7 219 289 122 205 732 255 1,897 1,207 437 823
Dw (m/yr) 1.2 1.74 0.35 0.6 0.72 0.62 0.47 1.18 0.98 0.69 1.11 1.14 0.89 1.07
Dw std err (m/yr) 0.24 0.56 0.17 0.33 0.22 0.17 0.19 0.18 0.28 0.29 0.22 0.22 0.29 0.29
Dw p-value 0.001 0.011 0.068 0.096 0.007 0.005 0.036 0 0.006 0.034 0.001 0 0.012 0.005
Residual Std Err (umol/l) 204 2 21 3 47 58 36 21 147 77 239 156 100 156
Degrees of freedom 9 10 10 11 10 10 10 10 10 11 9 10 10 10
LNS-7 Cmax (umol/l) 893 12 61 12 141 242 169 96 385 121 1,023 689 367 428
Dw (m/yr) 1.54 1.66 0.13 0.31 0.74 0.4 0.12 0.36 1.77 1.69 1.75 1.2 0.59 1.07
Dw std err (m/yr) 0.61 0.32 0.07 0.12 0.16 0.14 0.06 0.11 0.59 0.38 0.7 0.38 0.2 0.3
Dw p-value 0.032 0 0.072 0.03 0.001 0.014 0.083 0.009 0.012 0.001 0.033 0.011 0.012 0.005
Residual Std Err (pmol/l) 206 1 19 4 23 65 52 22 78 17 227 149 96 83
Degrees of freedom 9 11 11 10 11 11 11 10 11 11 9 10 11 10

e
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Fig. 9. Flux vs. specific discharge (runoff) for major anions. Shown for each station, are the fit of the Maher and Chamberlain equation
(curves) and the straight lines corresponding to the Cp,,x or thermodynamic limit.

France-Lanord, 1999; Bhatt et al., 2007). The oxidation of
pyrites produces sulphuric acid and dissociates into sulfate
and protons, while iron is precipitated as iron (III)-
hydroxides/oxides, e.g. (Drever 1988):
FeS, + 3.750, + 3.5H,0 — Fe(OH),Precip + 2SO + 4H *
(13)
In the presence of produced sulphuric acid from pyrite
oxidation, the weathering rate can be enhanced and CO,-

fluxes into the critical zone can have locally less influence
on weathering fluxes:

CaCO; + H,S0, — Ca’* + S0O,>" + CO, 1 + H,0
(14)

or
2CaCO; + H,SO, — 2Ca’*t + 2HCO; = + S04~
(15)

The annual basin export ratios of alkalinity to sea-salt
corrected sulfate is 5.7 for the study area and the exported
sulfate equivalents are as high as the base cation equivalents
from silicate weathering (98%), because of the high calcu-
lated carbonate to silicate weathering ratio. Therefore, an
idealized silicate CO,-consumption rate of the basin assum-
ing that silicate derived base cations are counterbalanced by
alkalinity would compensate for the pyrite oxidation in the
studied central Himalaya region (c.f. Galy and France-
Lanord, 1999).
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Fig. 10. Flux vs. specific discharge (runoff) for major cations. Shown for each station, are the fit of the Maher and Chamberlain equation
(curves) and the straight lines corresponding to the Cy,,x or thermodynamic limit.

This finding could be extended by seasonal analysis of
sulfur isotopes to test the proposed contribution of sulfur
oxidation to weathering fluxes. In general, the oxidation
of sulfides can be relevant for weathering rates of affected
basins (e.g., Calmels et al., 2007). Sulfide oxidation can also
be a cause for substantial CO,-degassing from the water
(Torres et al., 2016, 2017). Note that clearly elevated
pCO, values can be observed below station LNS-7
(Fig. 12a), spatially correlated with an increase in sulphate
concentration and drop in pH. The observed step like
change in water chemistry appears when the river enters
the Lesser Himalayan sediment area below LNS-7. This
region crosses the MCT after mixing with the Bhotekoshi
at Syabrubensi. Its basin contains a significant proportion
of sulfide bearing minerals and carbonates (e.g., Galy and

France-Lanord, 1999; Bhatt et al., 2009). The dominance
of calcium, sulfate and alkalinity along the drainage net-
work supports the model that sulfide oxidation coupled
with carbonate dissolution are dominant geochemical pro-
cesses for weathering flux production (Galy and France-
Lanord, 1999). In addition to these processes, higher
concentrations of major solutes particularly within the
MCT region attributed to metamorphic activities and the
presence of hot springs and changes in lithology were
reported (Evans et al., 2008). The latter study described
the presence of numerous hot springs discharging into the
flowing streambeds at the foot of the high Himalaya near
the MCT region. Evans et al. (2008) found that the
Himalayan metamorphic processes provide a source of
CO,, which is larger than the consumption of CO, by



Table 5

Annual river runoff and export of water constituents for each of the three stations with discharge data. Percentage of runoff and export by season is also reported for each station.

Units LNS-1 LNS-1 LNS-1 LNS-1 LNS-4 LNS-4 LNS-4 LNS-4 LNS-7 LNS-7 LNS-7 LNS-7
Total Pre (%) Mons (%) Post (%) Total Pre (%) Mons (%) Post (%) Total Pre (%) Mons (%) Post (%)

Runoff myr™! 1.45 6.53 78.59 14.88 1.27 9.02 73.23 17.75 0.60 15.06 62.31 22.63
SS ton km =2 yr! 1,611 0.48 99.41 0.11 613.29 0.61 98.12 1.27 333.92 1.77 96.80 1.43
DOC ton km ™2 yr~! 2.62 7.11 84.61 8.25 3.33 4.59 81.18 14.25 0.85 16.29 72.27 11.70
TDN ton km2 yr~! 1.40 11.89 73.08 14.68 0.77 4.98 60.62 34.34 0.17 13.38 70.71 13.26
SiO, ton km =2 yr~! 12.72 7.75 79.28 13.01 9.96 9.20 75.42 15.34 2.95 19.77 51.92 28.31
Alk molkm2yr~! 3,367,795  8.73 82.13 9.13 848,632  18.53 59.99 21.48 362,379 2251 59.27 18.23
F molkm2yr~' 6,710 10.04 77.82 12.14 6,171 11.15 66.09 22.76 4,722 21.51 54.82 23.67
cl mol km2yr~! 130,221 17.99 67.55 14.46 33,812 7.96 79.98 12.06 13,321 13.12 78.21 8.67
NO; molkm™2yr~' 18,550 40.12 20.05 39.82 3,839 11.11 83.74 5.15 2,354 25.42 57.18 17.40
S0, mol km2yr~! 296,285 9.95 79.49 10.56 76,207 21.54 43.04 35.42 44,085 26.46 50.39 23.15
San molkm2yr~' 3,826,353  9.31 81.10 9.59 966,204  17.97 59.76 2227 429386  22.41 59.20 18.40
"Na mol km 2 yr~! 152,577 18.41 64.67 16.93 93,252 22.86 53.09 24.06 37,452 42.27 21.82 35.91
K molkm2yr~' 194,396 5.36 89.36 5.28 82,132 8.18 81.41 10.41 40,914 9.06 81.93 9.01
Mg mol km2yr~! 540,196 8.97 79.92 11.11 95,019 22.90 52.03 25.08 23,194 28.75 50.68 20.57
“Ca molkm2yr~' 1278464  8.82 82.49 8.69 338,947  22.49 54.03 23.48 163,435  22.87 58.38 18.75
“Sbeat molkm2yr~' 2165633  9.22 81.21 9.57 609,350  20.68 57.26 22.06 264,084  23.73 56.37 19.90
“Sbeat,y molkm2yr~' 474,686 10.39 79.83 9.77 235100  15.17 67.93 16.91 106,312 23.10 56.52 20.39
“Sbeat,q, molkm2yr~! 1,667,272  8.76 81.80 9.44 368,102 24.42 50.07 2551 156,228  24.75 55.61 19.64
Sbeat molkm2yr~' 2295554  9.72 80.44 9.84 999,488  12.88 73.27 13.85 276,946  23.10 57.50 19.39
DIC molkm2yr~' 1,940,186  6.66 86.53 6.82 583,659  34.06 53.50 12.45 216,266  24.58 51.97 23.45
CO, molkm™2yr~' 84,034 16.60 80.12 3.29 146,172 93.76 3.85 2.39 87,978 21.27 48.64 30.09
HCO; molkm2yr~' 1,804,808  6.19 86.86 6.96 428,639  14.23 69.91 15.86 126,847  26.95 54.06 18.99
CO, molkm2yr~' 7,509 5.53 83.98 10.48 2,882 1.20 85.69 13.11 449 3.84 89.23 6.93
“Sbeat (mass)  ton km ™2 yr~! 75.48 8.94 81.91 9.15 21.25 20.41 57.85 21.74 9.55 22.41 58.72 18.82
Sbcat (mass) ton km 2 yr! 78.56 9.30 81.35 9.36 35.70 12.33 74.48 13.21 9.85 22.04 59.44 18.53
W§ mm kyr™! 201.12 8.94 81.91 9.15 56.62 20.41 57.85 21.74 25.45 22.41 58.72 18.82
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Fig. 11. Relationships between major anions and cations, and molar ratios with elevation. (a): Relationship between sum of alkalinity and
sulfate versus sum of calcium and magnesium after sea-salt correction by season. (b—d): Gradients by season of molar ratios of "K/"Na,
"Mg/"Na, and “Ca/"Na. (e) Gradient by season of molar ratios of “Ca/ Mg (f): Relationship between “Ca/"Mg and "Mg.

weathering of Himalayan basins. The drop in pH towards
the MCT region is therefore not only affected by sulfide
oxidation but also by geogenic CO, sources linked with
metamorphic activities. Their contribution could not be
quantified here, and some of the excess CO, may degas.
While sulfide oxidation appears within the whole drainage
basin, the influences of metamorphic processes seem locally
or regionally constrained (c.f., Evans et al., 2008). The sum
of sea-salt corrected sulfate and alkalinity equivalents has
a quasi 1:1 linear relationship with the sum of sea-salt
corrected calcium and magnesium equivalents (R ~ 1 for
all seasons in Fig. 11a), which supports the interpretation.

The relatively higher contribution of chemical weather-
ing rates from carbonates is in accordance with previous
reports suggesting a dominant role of carbonate weathering

over the silicate weathering in the Himalayan landscape
(Table 5, Sarin et al., 1989; Bhatt et al., 2000; Dalai et al.,
2002; France-Lanord et al., 2003; Wolff-Boenisch et al.,
2009).

5.3. Seasonal dynamics

Some measured chemical species along the drainage net-
work exhibit seasonal changes in concentration. In general,
lowest concentrations of dissolved species are observed dur-
ing the monsoon season, due to dilution, whereas higher
concentrations occur in the pre-monsoon and post-
monsoon seasons. Unlike dissolved chemical species,
suspended sediment was highest during the monsoon
season; high sediment transport and erosion rate from the
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Fig. 12. (a): Variation of pCO, in surface waters of Langtang-Narayani river system as a function of elevation_(b) Ratios of dissolved silicon
to sum of sodium and potassium after sea-salt correction as a function of elevation and by season. (¢): dissolved silicon versus suspended
sediment by season. (d): Comparison of runoff versus dissolved SiO, load of Q1, Q2, and Q3 with the average of major rivers of the World. (e):
Comparison of runoff versus sum of base cation (Sbcat) load of Q1, Q2, and Q3 with the average of major rivers of the world. Q1, Q2, and Q3
represent discharge measurement sites at Narayani river at Narayanghat, Trishuli river at Betrawati and Langtang river at Syabrubenshi

respectively (Fig. 1).

Himalayan catchment is known to occur during the intense
Asian monsoon (Bookhagen, 2010). Roback et al. (2018)
pointed out that not all the landslide materials reached
the stream channel after a seismic event, but a relevant
amount is transported later, especially during the monsoon.

Seasonality of major dissolved species can be summa-
rized using the sum of cation and anion patterns. Besides
the seasonal dilution concentration cycle, the concentration
rise and decline of dominant species (i.e., Alk, *S0,, “Ca,
“Mg, Si) around August, during the monsoon season, rep-
resents a monsoonal concentration pulse, which is probably
related to the mobilization and drainage of soil-rock water

with elevated concentrations. This pulse must be high
enough to compensate for a dilution effect during high flow
conditions. Some of the fluids being mobilized may be due
to enhanced landslide activity (c.f. Jin et al., 2016) within
the Himalayan landscape during wet monsoon periods
(Gabet et al., 2004), adding to elevated weathering fluxes
during this season.

5.4. Concentration-discharge relationships

All three gauging stations (Q1, Q2, and Q3) showed
strong discharge seasonality affecting the seasonality of
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the concentrations and fluxes. The high D,, value at LNS-1
is consistent with elevated concentrations during the mon-
soon time when compared to other sites. Catchments with
higher D, values, such as those in rapidly eroding moun-
tains, can be interpreted to be more efficient at generating
solutes and elevated C,,. concentration (Maher and
Chamberlain, 2014; Ibarra et al., 2016).

The variability of estimated values of coefficients C,,,,.,
D,, for calculated “Sbcat,,, and “Sbcat,; is modest relative
to the estimated values for each discharge station
(Figure S5). Estimated values of coefficient C,,,, are signif-
icantly different among sampling locations, showing an
increasing trend with decreasing elevation for both silicate
and carbonate related cation contents. However, the coeffi-
cient D, differs when comparing silicate or carbonate
weathering products. For silicate "Sbeat,y, the values of
D,, are similar for LNS-1 and LNS-4 but these two are dif-
ferent from LNS-7. Contrastingly, for carbonates “Sbeat,,,
D,, values are similar for LNS-4 and LNS-7 but these two
are lower than that for LNS-1 (Figure S5).

The Si-D,, value for LNS-1 is 4.08 m/yr higher than the
mean Si-D,, value of 3.47 m/yr identified for basaltic catch-
ments and much higher than the mean Si-D,, value of
1.49 m/yr for granitic catchments (c.f., Ibarra et al.,
2016), suggesting intense weathering at the base of the
Himalaya with respect to silica mobilization. Higher D,,
values at the base of the Himalaya for both "Sbeat,,, and
*Sbeat,; (Figure S5) are probably due to the combination
of higher reaction rates and flow paths properties (Maher
and Chamberlain, 2014). Intense weathering reactions
in these areas are due to favorable climatic conditions,
reactivity of minerals and hydrologic properties of the
soil-rock system at the lower elevation region.

5.5. Elemental ratios of weathering products

In order to further interpret weathering controlling fac-
tors, we calculated several ratios and relationships among
weathering products. The molar ratios of "K/"Na, Mg/ "Na
and “Ca/"Na show seasonal patterns (Fig. 11 b, ¢, and d,
respectively) with elevated ratios during the monsoon
across the elevation range. This reflects that during the wet-
ter conditions Na concentrations were more diluted (com-
pare Fig. 11 with Fig. 3) and that this dilution effect was
weaker or absent for the other three elements, dependent
on timing. The declining ratios of ("Ca/"Mg) towards low
elevations in the Langtang-Narayani river system is caused
by a stronger increase in Mg-concentrations (Fig. 1le).
Using an exponential model y = yjexp(—kx) + ym» the
molar ratio of “Ca/"Mg (variable y) decreases with increas-
ing "Mg concentration (variable x) with a higher decay
constant (k = 0.04) for the post-monsoon season compared
to the pre-monsoon (k=0.01) and monsoon period
(k=0.01) (Fig. 11f). This suggests that mobilization of *Ca
and “Mg might be differently affected by seasonal controls.

An additional process to partly explain the decreasing
pattern in the “Ca/"Mg ratio towards lower elevation sites
is instream calcite precipitation as was suggested for the
Himalayan drainage network (Galy and France-Lanord,
1999; Dalai et al., 2002; Bickle et al., 2018).

There is a seasonal variation of the ratio of dissolved Si
to sum of sodium and potassium after sea-salt correction
along the river system, suggesting a seasonal control on
incongruent release rates of Si versus K and Na from the
system, when the monsoon and post-monsoon periods are
compared with the pre-monsoon period (Fig. 12b). This
may be due to differences in mobilization processes, and
sources of dissolved silica in the river. For example, silica
is also mobilized from the soil system, as silica can accumu-
late in the upper soil horizons significantly via the biological
pump (Struyf and Conley, 2011).

5.6. Chemical weathering and physical erosion

High export rates of weathering products from river sys-
tems originating in the central Himalaya are due to high
runoff and steep relief (~4 km elevation drop in ~150 km
distance). This is evident in the high suspended sediment
flux (Figure S4, Table 5), with its strong runoff dependency
due to seasonal control. The relationship between physical
erosion based on SS and silicate chemical weathering fluxes
is ambivalent. For example, a linear regression between
dissolved Si concentration and SS concentration shows
modest R? and statistically significant trend (R*> = 0.6 and
p < 0.0004) during the monsoon but much weaker and lack-
ing significance for other seasons (Fig. 12¢). In general, there
is a dilution trend with increasing runoff for the sum of
silicate cations (Fig. 8), while the opposite occurs for the
suspended matter based calculated erosion rate. Therefore,
the mobilization of silica and silicate cations seems to be
decoupled during the monsoon season to some extent.

However, most dissolved fluxes stem from carbonate
weathering and the long-term effect of erosion on weather-
ing fluxes is due the sedimentation of reactive material in
the lower reaches of the basin.

5.7. Runoff control

Intense precipitation during the monsoon season con-
trols discharge (Fig. 6) and the chemical composition and
fluxes of measured parameters via runoff (Figures S3-S4
and Figs. 7-10). Precipitation enhances physical erosion
rates and supply sediments to the fluvial networks and the
lower reaches (Bookhagen, 2010; Roback et al., 2018).
These results suggest that precipitation patterns and runoff,
in combination, represents a dominant regulator of weath-
ering rates within the central Himalaya for the recent time
scale (Fig. 12d, e). Similar results were reported earlier from
the same region (France-Lanord et al., 2003; Tipper et al.,
2006; Gabet et al., 2008; Bickle et al., 2018) and from other
basins of the world (White and Blum, 1995; Gaillardet
et al., 1999).

5.8. Comparison of weathering rates with largest rivers of the
world

Annual dissolved silica and cationic export rate, and
runoff from QI and Q2, are relatively high when compared
with the world’s large rivers (Table 6, Fig. 12d, e), while
data for Q3 are relatively close to world average values.



M.P. Bhatt et al./ Geochimica et Cosmochimica Acta 238 (2018) 208-234 231

Table 6

Comparison of the cationic and silica flux rate of the Langtang Narayani basin with large river basins of the world sorted by runoff. World
average data from Livingston (1963); Brahmaputra, Ganga, Indus, and Yamuna data from Sarin et al. (1989); and other major river data

from Meybeck and Ragu (1997) and Gaillardet et al. (1999).

River Runoff  SiO, Export Cationic Export ~ River Runoff  SiO, Export Cationic Export
Rate Rate rate Rate
Basins myr'  tonskm™2yr~!  tonskm ™2 yr~! Basins myr—'  tonskm™2yr~!  tonskm Zyr~!
Kikori 3.03 24.25 130.22 World Average 0.31 3.87 8.04
Purari 2.75 37.99 75.48 Rhine 0.31 1.62 58.70
Fly 2.31 20.83 59.78 Panuco 0.26 nd 454
Sepik 1.52 19.06 35.7 Danube 0.25 1.05 26.65
Narayani (this study) 1.45 12.72 78.56 Indus 0.25 1.25 10.56
Trishuli (this study) 1.27 9.96 35.70 Yenissei 0.24 1.98 6.33
Irrawady 1.19 11.89 56.9 Cauveri 0.24 4.55 28.05
Amazon 1.08 7.45 9.67 Yukon 0.24 1.81 10.09
Brahmaputra 1.05 8.20 22.97 Khatanga 0.23 0.75 6.29
Orinoco 1.03 6.51 5.57 Weser 0.23 0.93 190
Hong He 1.03 10.28 37.14 Lena 0.21 1.23 5.79
Magdalena 1.01 12.73 28.79 Ebro 0.21 2.20 349
Xijiang 0.83 7.09 34.20 Parana 0.20 3.49 3.68
Po 0.67 2.69 62.7 Kolima 0.20 0.81 3.57
Yamuna 0.66 6.83 35.00 Nemanus 0.20 0.41 21.73
Salween 0.65 nd 47.5 Mississippi 0.19 1.49 11.05
Uruguay 0.60 9.08 7.57 Amur 0.19 0.40 2.81
Langtang (this study) 0.6 2.95 9.85 Mackenzie 0.17 0.52 9.04
Mekong 0.59 5.89 38.86 Wisla 0.16 nd 279
Rhone 0.56 2.27 51.3 Seine 0.16 1.05 23.07
Changjiang 0.51 3.33 27.00 Odra 0.16 nd 27.9
Fraser 0.51 2.78 12.7 Elbe 0.15 0.62 36.2
Mahanadi 0.50 4.51 15.80 Ob 0.14 0.35 4.06
Tocantins 0.49 5.70 3.56 Niger 0.13 1.80 1.32
Kuskokwin 0.49 3.72 15.94 Krishna 0.12 0.58 10.03
Pechora 0.40 0.66 6.96 Dnepr 0.11 0.37 7.46
Ganga 0.40 3.32 18.19 Shatt el arab 0.08 0.58 9.15
Narmada 0.38 3.45 30.30 Nelson 0.08 0.11 4.92
Columbia 0.35 3.18 10.27 Zambese 0.08 1.30 1.71
Godavari 0.34 7.09 14.41 Don 0.07 0.02 18.3
St. Lawrence 0.33 0.79 14.18 Limpopo 0.06 1.05 3.36
Congo-Zaire 0.32 3.06 2.46 Huanghe 0.05 0.42 6.89
N. Dvina 0.32 0.72 13.7 Nile 0.03 0.37 3.03
Murray Darling  0.02 0.11 3.23

The dissolved silica export rate resulted comparable with
that documented by France-Lanord et al. (2003) in the
same region (except some catchments within the Anna-
purna basin, which have much higher export rates, up to
105 tons km 2 yr—'). The Ganga-Brahmaputra Himalayan
river system ranks first in terms of sediment transport to
the ocean on a global scale (Milliman and Meade, 1983;
Sarin et al., 1989). Milliman and Syvitski (1992) reported
about 20 billion tons of sediment transported by rivers
annually to the world oceans before the construction of
dams in the latter half of this century. As shown in Table 5
we calculated 1,611 tons km 2 yr~' from the Narayani at
QI, which yields 51.2 million tons per year from our study
area. This sediment transport rate is slightly higher than for
other mountain river systems in the region such as Nar-
mada (1,400 tons km~2yr~!) and Damodar (1,400 tons
km 2 yr~!) in India. Moreover, the export rate at Q1 is sig-
nificantly higher than for the larger Himalayan river sys-
tems such as the Brahmaputra (890 tons km 2 yr~!) and
the Ganga (530tonskm 2yr~') as reported by

Subramanian and Ittekkot (1991) and Milliman and
Syvitski (1992), and is 10.7 times higher than the world
average rate (Milliman and Meade, 1983).

6. CONCLUSIONS

Spatiotemporal variability of controlling factors on
major solutes was studied for the Langtang-Narayani river
system. For this purpose, trends with elevation and the
influence of seasonality on the annual export rates were
evaluated. Lower elevations showed higher weathering
rates while at the same time the system is fed by new sedi-
ments from the higher elevations. Carbonate weathering is
dominant, and the potential amount of sulfide oxidation
may equal idealized silicate CO,-consumption.

During the monsoon season (the period responsible for
the export of most of the matter) no clear dilution effect
lasting the whole season for the most important weathering
products, alkalinity, "S0,, "Ca and *Mg, was identified for
the lowest sampling sites. Rather, we observed a pulse like
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increase in concentrations during the middle of the mon-
soon season. This suggests that the monsoon season accel-
erates the mobilization of the dominant weathering
products in the lower reaches, the location with the highest
weathering rates. Therefore, it will be interesting to study
how seasonality patterns and their variability affect long-
term weathering fluxes. Specifically, to consider climate
change and processes such as landslide mobilization, soil-
rock water mobilization as a pulse-like mobilization during
wet seasons or areas of pyrite oxidation and mobilization of
their products.
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