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Abstract

Large seasonal variations in the dissolved load of the headwater tributaries of the Marsyandi river (Nepal Himalaya) for major cat-
ions and 37Sr/%¢Sr ratios are interpreted to result from a greater dissolution of carbonate relative to silicate at high runoff. There is up to a
0.003 decrease in strontium isotope ratios and a factor of 3 reduction in the Si(OH),/Ca ratio during the monsoon. These variations, in
small rivers sampling uniform lithologies, result from a different response of carbonate and silicate mineral dissolution to climatic forc-
ing. Similar trends are observed in compiled literature data, from both Indian and Nepalese Himalayan rivers. Carbonate weathering is
more sensitive to monsoonal runoff because of its faster dissolution kinetics. Silicate weathering increases relative to carbonate during the
dry season, and may be more predominant in groundwater with longer water-rock interaction times. Despite this kinetic effect, silicate
weathering fluxes are dominated by the monsoon flux, when between 50% and 70% of total annual silicate weathering flux occurs.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The removal of atmospheric CO, by weathering of sili-
cate minerals is thought to provide the feedback which
regulates global climate over geological timescales (e.g.
Walker et al., 1981; Berner et al., 1983). However quantify-
ing the feedback and its response to the multiple control-
ling processes has proved difficult and controversial (e.g.
Berner et al., 1983; Sundquist, 1991; Raymo, 1994). The
difficulties arise from two sources. At a global scale, the to-
tal chemical weathering flux is dominated by carbonate and
estimates of the smaller silicate weathering flux are subject
to large uncertainties. Secondly the mechanisms which
moderate the silicate weathering flux are poorly under-
stood leading to large uncertainties in models of the climat-
ic response to changes in forcing.

* Corresponding author. Fax: +44 1223 333450.
E-mail address: ett20@esc.cam.ac.uk (E.T. Tipper).

0016-7037/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.gca.2006.03.005

The climatic response of chemical weathering is usually
considered a function of temperature and runoff (e.g. Ber-
ner et al., 1983; Velbel, 1993; White and Blum, 1995; White
et al., 1998; Dessert et al., 2001). However, the climatic
forcing has remained elusive in active orogens because of
the strong lithological dependence of chemical weathering
(Bluth and Kump, 1994; Gaillardet et al., 1999), and the
close juxtaposition of different lithological domains. Re-
cent studies of riverine chemistry in active orogens have
been able to identify a climatic sensitivity of silicate weath-
ering, by carefully selecting small catchments or by consid-
ering soil profiles (e.g. Riebe et al., 2001; France-Lanord
et al., 2003; Jacobson et al., 2003; West et al., 2005). How-
ever, the relative importance of runoff and temperature re-
mains controversial (Riebe et al., 2001) with many studies
focussing on short term climatic forcing. The debate is cen-
tral to the question as to whether exhumation of major
orogens cools global climate by enhancing the silicate-
weathering feedback.

This study considers data from Himalayan catchments,
draining dominantly uniform lithologies. Constraining
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climatic variations in weathering fluxes from the Himalaya
is of particular importance because of the factor of 12 sea-
sonal variation in runoff (Sharma, 1997) and because of the
global impact of large Himalayan rivers on seawater (Rich-
ter et al., 1992). We show that outputs from Himalayan
catchments exhibit seasonal variations in the relative mag-
nitudes of the silicate and carbonate weathering fluxes
which suggest a climatic sensitivity of the weathering pro-
cesses and ultimately may be controlled by the local
hydrology.

Seasonal variations in major elements, radiogenic iso-
topes and stable isotopes have already been reported in
the Himalaya over large spatial scales (Sarin et al., 1989;
Galy and France-Lanord, 1999; Hasnain and Thayyen,
1999; Krishnaswami et al., 1999; Bhatt et al., 2000; Karim
and Veizer, 2000; Dalai et al., 2002a,b, 2003; Bickle et al.,
2003; France-Lanord et al., 2003; Oliver et al., 2003; Quade
et al., 2003; Evans et al., 2004; Singh et al., 2005). However,
the interpretation of large scale variations is frustrated by
the diverse lithologies across catchments, making it difficult
to distinguish whether there is a fundamental change in the
response of carbonate and silicate mineral weathering
in situ in a catchment between the seasons, or whether in-
ter-seasonal variability is a response to rainfall sampling
distinct lithologies at different times of the year. Published
results obtained so far, at medium geographic scales (either
by time-series sampling or spot sampling between the wet
and dry season) indicate a greater input of carbonate de-
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rived ions in the monsoon (e.g. Galy and France-Lanord,
1999; Krishnaswami et al., 1999; Bickle et al., 2003; Quade
et al., 2003). Krishnaswami et al. (1999) propose that this is
because of the dominance of physical erosion during the
wet season allowing more easily weatherable carbonates
to dissolve. Bickle et al. (2003) attribute seasonal variations
to result from variable inputs from the different Himalayan
lithotectonic units because of spatially variable rainfall and
glacial melt. Galy and France-Lanord (1999) suggested
that the dissolution of soil carbonate may contribute to
the chemical signal in their study.

In the present study, sample sites have been selected
from the Marsyandi river (Nepal Himalaya) to sample only
one major geological unit. Four new weekly time-series of
river water samples spanning the 2002 and 2003 monsoon
season are complemented by data from small tributaries
comparing the wet and dry seasons. The data shows that
even in first order catchments of several km?, there is a sys-
tematic and significant change in both 3’Sr/%¢Sr and major
elements between the wet and dry season. Bedrock and
bedload compositions have been analysed to constrain
the lithological control on river chemistry.

The advantage of studying small catchments is that
changes in the location of precipitation, resulting in runoff
sampling distinct lithology, can be precluded as a control
on water chemistry. Any seasonal variations in river chem-
istry must relate to a change in weathering process driven
by the change in climate between the wet and dry season,
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Fig. 1. Map of Marsyandi after Colchen et al. (1986). Time-series sampling sites are shown by the 4 large black stars. Tributaries sampled in both April
and September are indicated by black circles. The main range strikes East-West between the Annapurnas and Manaslu. STDZ is the South Tibetan
Detachment Zone and MCT is the Main Central Thrust. White areas are either glaciated or unmapped.
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which is extreme in these Himalayan rivers. We interpret
that to a first order the seasonal variations are caused by
different proportions of carbonate and silicate weathering
with a greater carbonate input in the monsoon.

The new data raise a series of questions about the mech-
anisms controlling carbonate and silicate weathering. In
particular our results suggest that carbonate weathering
has a greater sensitivity to runoff because of the faster dis-
solution kinetics of carbonate relative to silicate. We spec-
ulate that silicate weathering may be more important in
waters with a longer residence time such as ground water.
The large magnitude of the seasonal variations may have
implications for the response of global silicate weathering
fluxes to changes in the intensity of the monsoon recorded
in the Bengal fan (e.g. France-Lanord et al., 1993), the
interpretation of chemical proxies of recent climate change
preserved in lake sediments (e.g. Holmes, 1996) and models
for changes in chemical weathering rates with glacial-inter-
glacial cycles (Gibbs and Kump, 1994).

2. Study area

The Marsyandi drains the Annapurna Himalaya, Nepal.
The headwaters of the Marsyandi are in the Tethyan Sed-
imentary Series (TSS) with arid and glacial conditions, at
an altitude of mostly >3500 m (Fig. 1). In the rain shadow
of the main range, monsoonal rainfall is less then 0.5 m
(Burbank et al., 2003). Glacial meltwater contributes sig-
nificantly to the flux of water in certain tributaries. The
Marsyandi drains a 50 km transect of the TSS. The bed-
rock is comprised of a continental margin sequence of var-
iably metamorphosed impure limestone and siliclastic
rocks including pyrite rich black shale interbedded at all
scales. No evaporites have been reported (Bordet et al.,
1971). There is a progressive increase in metamorphic
grade from North to South, with Jurassic fossiliferous
argillaceous limestone interbedded with occasional sand-
stone in the North. In the lower TSS a unit of amphibole
calc-silicates with biotite, muscovite and chlorite outcrops
above the South Tibetan Detachment Zone (Coleman,
1996; Searle and Godin, 2002). Vegetation is sparse in
the TSS. The chemistry of TSS rivers has been described
previously and is characterized by high total dissolved sol-
ids (Galy and France-Lanord, 1999; Bickle et al., 2005).
Two of the time series sampling sites in the present study
drain only the TSS: the upper Marsyandi and the Nar.

South of the TSS the Marsyandi incises the High Hima-
layan Crystalline Series (HHCS) which underlies the high
mountains and consists of two main units. Formation 1
is dominated by silicate gneiss (Bordet et al., 1971; Le Fort,
1975) and Formation 2 is dominated by calc-silicate meta-
morphic rocks. The calc-silicate mineralogy comprises
widespread diopside, amphibole, quartz, plagioclase and
calcite assemblages with rarer pure calcite and diopside
marbles (Bordet et al., 1971). Two tributaries (Dudh and
Dana Khola) draining Formation 2 have been sampled in
this study, though the head waters of the Dudh Khola also

Table 1

Major cations and anions and Sr isotope data for small TSS tributaries sampled in September 2002 (late monsoon)

TDS Sl

Cl SO, HCO; 87Sr/%0sr

Sr

Mg Si(OH)4

T pH Ca

E (%)

Date N (°)

Sample
(April)
ct29
ctl4
ctls
ctl6
ctl7
ctl8
ct20
ct19
ct27
ct32
ct21
ct31
ct23
ct33
ct36

Sample

(mg/l)

137
301

(nmol/1)

1408
3040
2402
2324
2550
1820
1766
2189
4233

(umol/1)

168
439

(umol/l)

10
15
17

9

(umol/l)

0.75
2.96
1.37
1.84
2.40
2.21
3.55
0.06
5.51
1.62
4.94
2.62
6.06
2.13
1.21

(umol/l)
22
129

(umol/l)

21
120

(umol/l)

174
618
203

(umol/l)

59
20

(umol/1)
667
1284
1177
1687
1336
838
1147
1396
1408
723
1573
933
1500
761
721

(September)

0.46
0.75
0.78
0.92
0.92
0.50
0.51
0.49
0.70
0.12
0.88
0.51
0.91
0.51
na

0.72431

8.7
8.3
8.5

9.3

84.150
84.140
84.110
84.110
84.090
84.070
84.020
84.030
84.040
84.020
84.020
84.000
83.990
84.160
84.186

28.610
28.620
28.630
28.630
28.640
28.650
28.660
28.660
28.660
28.660
28.670
28.670
28.700
28.610
28.571

06-Sep
07-Sep
07-Sep
07-Sep
07-Sep
07-Sep
07-Sep
08-Sep
08-Sep
08-Sep
08-Sep
09-Sep
10-Sep
14-Sep
14-Sep

ettl2

0.73103

34
0.4

1
1

ettl4

222
356
313

0.73057
0.71936

0.71881

193
1299
846
465
942
1180
967
412
1245

52
46

32
20
30
37
132
294
201

19
8

21

ettl6

766
765

11.8
12.4

ettl7

43

8.6

ettl8

206
265

0.71702
0.71757
0.71722
0.72256

12
17

8
16

33
39
68
135

516
608
732
1577
275
683

23

11.4

ett20
ett22
ett23
ett24
ett28
ett29
ett30
ett34
ett61

30
18
17
20

8.5
8.3
8.1
8.4
8.6

8.7

330
455

151

0.72477
0.71824
0.72266
0.71478
0.71295
0.71438

1203
2171

22
57
43

18
146

6.0

11.7

338
232

7

18
31

1832
2348
1954
1723

664
1141

602

93
305

589
660
810
121

6.8

339
230

10

49

21

8.7
8.6

na

47

21

13
24

11.4

na

142

10

28

27

16

ett63

The April sample numbers are from Bickle et al. (2005). SI.. is the calcite saturation index calculated using PHREEQC.
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Table 2
Major cations and anions and Sr isotope data for TSS rivers, sampled repeatedly in 2002 and 2003
Sample  Date Ca K Mg Na Si(OH);  Sr Cl SO, HCO; 878r/%Sr  TDS
(umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (upmol/l)  (umol/l)  (umol/l)  (umol/l) (mg/1)
Marsyandi at Chame (2002)
CT10 25-Apr 914 29 481 113 44 2.43 25 492 1914 0.71930 219
MT65 13-Jun 721 24 256 45 25 1.51 na 284 na 0.71764 na
MT66 19-Jun 718 23 249 40 24 1.49 na 275 na 0.71741 na
MT67 25-Jun 737 23 233 49 25 1.51 na 273 na 0.71681 na
MT17 26-Jul 782 32 280 88 27 1.78 28 378 1460 0.71700 169
MTI18 01-Aug 832 31 307 110 28 2.08 34 455 1476 0.71623 181
MT19 07-Aug 836 28 337 91 32 2.08 34 459 1517 0.71724 184
MT20 14-Aug 890 29 355 97 30 2.35 25 551 1493 0.71633 194
MT21 21-Aug 883 28 349 117 29 2.24 31 560 1462 0.71656 193
MT22 28-Aug 960 29 445 110 39 2.65 29 646 1633 0.71721 217
MT23 03-Sep 973 28 473 123 39 2.86 31 714 1591 0.71688 222
MT24 09-Sep 972 31 475 150 45 2.63 47 637 1757 0.71811 227
ett69 14-Sep 947 29 458 104 46 2.67 36 647 1604 0.71860 215
MT25 16-Sep 988 31 488 154 47 2.67 148 640 1714 0.71832 229
MT26 23-Sep 1014 30 539 131 53 2.82 39 663 1910 0.71852 241
MT27 29-Sep 987 33 518 138 56 2.70 46 612 1917 0.71877 236
MT28 05-Oct 1010 31 548 144 57 2.90 46 654 1944 0.71863 243
MT29 12-Oct 1037 33 602 158 61 3.08 51 719 1989 0.71868 255
MT30 19-Oct 1038 34 613 170 64 3.13 60 730 1995 0.71879 257
MT31 26-Oct 1048 35 627 211 64 3.20 75 750 2022 0.71868 263
MT32 31-Oct 1025 36 618 212 65 3.12 82 709 2039 0.71902 259
MT107  30-Dec 901 46 608 244 68 3.13 113 710 1782 0.71945 241
Marsyandi at Chame (2003 )
MT108  17-Mar 921 43 675 178 59 3.41 63 779 1807 0.71911 248
MTI109  19-Mar 902 49 614 239 66 3.20 130 10 3209 0.71952 263
MTI110 17-Apr 823 35 506 151 51 2.63 85 598 1561 0.71971 207
MTI111  25-Apr 753 33 422 107 35 2.23 49 497 1448 0.71927 183
MTI112  26-Apr 735 32 395 120 37 2.09 70 455 1430 0.71949 178
MTI155  07-Jul 805 30 334 107 32 2.11 42 421 1532 0.71710 181
MT156 14-Jul 747 26 281 80 30 1.78 26 355 1427 0.71738 163
MT157  21-Jul 857 28 377 112 33 2.51 34 417 1744 0.71579 196
MTI158  28-Jul 751 28 287 96 30 1.80 32 350 1468 0.71793 166
MT159  09-Aug 788 31 348 104 35 2.13 34 10 2418 0.71780 196
MT160  15-Aug 794 32 321 100 33 1.97 36 407 1513 0.71762 177
MTI161  24-Aug 799 30 364 116 37 2.16 36 476 1487 0.71801 184
Nar (2002)
CT9 25-Apr 1317 29 793 184 61 3.94 26 1053 2288 0.71520 321
MT62 13-Jun na 48 604 130 na 4.22 na 588 na na na
MT63 19-Jun 867 28 394 100 29 2.84 na 600 na 0.71402 na
MT64 25-Jun 887 30 345 118 28 3.32 na 554 na 0.71284 na
MTI1 26-Jul 973 31 429 143 29 3.22 22 791 1378 0.71378 216
MT2 01-Aug 897 27 337 102 25 2.49 16 579 1426 0.71425 192
MT3 07-Aug 1034 25 466 122 30 3.31 15 847 1448 0.71405 228
MT4 14-Aug 1064 26 513 125 30 3.54 22 960 1370 0.71394 237
MTS5 21-Aug 1128 29 545 166 31 3.74 28 1031 1457 0.71383 253
MT6 28-Aug 1271 29 705 167 37 4.63 16 1262 1622 0.71444 295
MT7 03-Sep 1278 29 731 177 38 4.88 67 1338 1493 0.71452 297
MTS38 09-Sep 1311 30 784 212 46 4.59 30 1307 1798 0.71379 315
ett74 15-Sep 1436 28 834 163 49 5.19 28 1042 1973 0.71443 207
MT9 16-Sep 1282 27 777 195 47 445 27 1272 1782 0.71444 309
MT10 23-Sep 1422 30 903 191 59 4.94 14 1426 2022 0.71474 347
MT11 29-Sep 1390 30 866 186 59 4.70 18 1347 2033 0.71470 338
MTI12 05-Oct 1321 29 812 177 57 4.46 20 1290 1887 0.71478 319
MTI13 12-Oct 1445 31 948 200 67 5.12 42 1469 2057 0.71479 356
MT14 19-Oct 1430 32 959 202 69 5.00 21 1429 2152 0.71491 357
MTI15 26-Oct 1403 31 944 240 69 4.94 34 1487 1972 0.71498 352
MTI16 31-Oct 1435 33 975 245 71 5.00 40 1444 2187 0.71506 363
MTI113  24-Dec 1211 34 916 209 77 4.96 36 1316 1843 0.71544 318
MT114 30-Dec 1334 40 935 211 110 5.05 84 1300 2119 0.71535 341
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Table 2 (continued)

Sample Date  Ca K Mg Na Si(OH);  Sr Cl SO, HCO; 8Sr/%sr  TDS
(umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l) (mg/1)

Nar (2003)

MTI115 01-Apr 1210 34 927 205 79 4.83 35 1313 1870 0.71561 320
MT116 17-Apr 1120 34 854 206 69 4.52 34 1216 1738 0.71552 297
MT162 07-Jul 851 24 388 104 31 2.74 5 631 1344 0.71431 191
MTI163 14-Jul 892 25 406 119 32 2.77 47 653 1389 0.71443 200
MT164 21-Jul 947 26 464 130 32 3.31 8 762 1452 0.71384 216
MTI165 28-Jul 876 24 416 120 31 2.96 9 683 1357 0.71402 199
MT166 09-Aug 1000 28 555 143 36 3.85 3 895 1495 0.71386 236
MT167 15-Aug 931 25 454 110 32 2.98 7 742 1423 0.71433 211
MTI168 24-Aug 1117 29 643 168 40 4.11 32 1029 1640 0.71412 267

drain the Manalsu leucogranite and some TSS exposures.
Monsoonal rainfall is at its maximum in these catchments
(up to 4 m (Burbank et al., 2003)) and there is significant
vegetation with forested valley sides. The chemistry of
HHCS rivers is characterized by low total dissolved solids.
HHCS rivers receive input from hydrothermal systems in
the Marsyandi (Evans et al., 2001, 2004), and the rivers
analysed in this study have been corrected for this input.

3. Data collection and analysis

Tables 1-3 list the chemical and isotopic analyses of 140
water samples collected from the four Marsyandi catch-
ments. Samples were collected on a weekly or monthly ba-
sis during 2002 and 2003, including the monsoon (Tables 2
and 3). Small tributaries from the TSS were collected in
April 2002 (premonsoon) and their chemical data are pub-
lished in Bickle et al. (2005). The same tributaries were
sampled in September (monsoon) and are compared to
those of Bickle et al. (2005) in this study (Table 1). Water
samples were filtered on collection through 0.1 pm cellulose
nitrate filters. A 30 ml fraction for cation analysis was col-
lected into a polyethylene bottle, pre-acidified with quartz
distilled HCI. A further 15 ml fraction was collected for
anion analysis without acidification. Water samples were
analysed for cations (Ca, K, Mg, Na, S, Si, and Sr) by
ICP-AES in Cambridge against synthetic standards. Re-
peat analysis of natural water standards ION 20 and
SPSSW2 demonstrates a reproducibility within 3% (2 stan-
dard deviations n = 84 and 72, respectively), over the two
year period of analyses of the Marsyandi waters. Analysed
concentrations were within 3% of published values. Cl,
SO,4, and NO; were analysed at the Institut de Physique
du Globe, Paris, the University of Keele and the Open Uni-
versity by ion chromatography. Molar SO4 and S analysed
by ion chromatography and AES agree to within 0.27%
(20,,,). HCO5; was determined by gran titration for the April
tributary collections and by charge balance for the other
samples. These methods have been shown to be reliable
to within 10% in Himalayan rivers where organic acids
are dilute (Galy and France-Lanord, 1999). Temperature
and pH were measured at the sampling site in April and
September. A representative collection of rock and bedload

have been analysed for major elements at the Open Univer-
sity by XRF following Ramsey et al. (1995). ¥’Sr/%¢Sr iso-
tope analyses were performed on a T40 Sector 54 VG mass
spectrometer at Cambridge following Bickle et al. (2003).
Analyses of NBS987 prior to May 2003 averaged
0.710235 +£0.000011 and analyses after this averaged
0.710253 4+ 0.000008. Total procedural blanks over the
period of analyses yielded 131 pg/g of Sr, negligible com-
pared to the amount of Sr processed.

4. Cyclic and hydrothermal corrections

Input from rain or dry deposition can be significant to
river waters. All rivers have been corrected for cyclic input
based on the rain data of Galy and France-Lanord (1999)
(Table 4) following the correction method of Bickle et al.
(2003). There is a significant hydrothermal input to the riv-
ers of the Marsyandi (Evans et al., 2001, 2004; Becker,
2005) with numerous hot springs close to the Main Central
Thrust. The rivers in this study are all north of the Main
Central Thrust (Fig. 1) and there is a relatively limited
hydrothermal input, as evidenced by the low Cl concentra-
tions (mean 40 umol) compared to the Marsyandi immedi-
ately after the main hot spring input further downstream at
700 pmol (Evans et al., 2001). Rivers have been corrected
for Cl in excess of rain following the method of Bickle
et al. (2003) and using a compilation of hot spring data
from Evans et al. (2001) and Becker (2005) (Table 4).
87Sr/%Sr has been corrected in a similar manner for both
rain and hydrothermal input. For TSS rivers, the correc-
tion results in a mean 4% difference in total dissolved solids
(TDS), a 2% difference in dissolved Sr and a 0.000230 dif-
ference in 3’Sr/*°Sr. For HHCS, rivers there is a mean 10%
difference in TDS, a 13% difference in dissolved Sr and
0.000560 difference in 3’Sr/®¢Sr. Figures are presented with
both corrected and uncorrected data.

5. Seasonal variations

Mainstem major element chemistry and Sr isotope ratios
show significant seasonal variations. Concentrations of the
major cations decrease by a factor of 2-4 during the mon-
soon compared to the dry winter months (Fig. 2), with the



2742

E.T. Tipper et al. 70 (2006) 2737-2754

Table 3
Major cations and anions and Sr isotope data for HHCS rivers, sampled repeatedly in 2002 and 2003
Sample  Date Ca K Mg Na Si(OH);  Sr Cl SO, HCO:; 8Sr/%sr  TDS
(pmol/l)  (umol/l)  (pmol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (umol/l)  (mg/l)
Dudh (2002)
CT7 24-Apr 483 27 39 117 89 0.47 53 67 974 0.72822 93
MT72 01-Jun 456 18 34 64 54 0.38 na 52 na 0.72550 na
MT73 18-Jun 430 18 33 49 68 0.36 na 50 na 0.78662 na
MT74 26-Jun 450 17 32 43 51 0.36 na 50 na 0.72602 na
MT47 26-Jul 460 15 35 44 50 0.38 18 73 844 0.72534 81
MT48 02-Aug 464 14 36 44 43 0.40 17 63 873 0.72330 82
MT49 09-Aug 466 13 33 35 46 0.38 18 65 902 0.72467 84
MT50 16-Aug 440 13 33 37 46 0.37 17 66 850 0.72515 79
MT51 23-Aug 413 12 31 44 49 0.34 15 58 772 0.72508 73
MT52 30-Aug 444 15 37 52 63 0.39 37 73 848 0.72636 81
MT53 06-Sep 444 14 36 47 62 0.39 50 64 845 0.72467 80
MT54 13-Sep 427 14 35 51 72 0.38 24 59 850 0.72625 79
ett96 17-Sep 435 14 36 60 78 0.39 38 64 842 0.72632 80
MTS55 20-Sep 478 16 40 70 388 0.43 36 64 961 0.72618 89
MT56 27-Sep 444 15 36 60 82 0.40 30 55 897 0.72649 82
MT57 04-Oct 472 17 39 73 89 0.43 35 59 959 0.72728 88
MTS8 11-Oct 506 17 43 87 101 0.47 44 63 1034 0.72699 96
MT59 18-Oct 507 18 44 95 101 0.48 48 65 1038 0.72671 97
MT60 25-Oct 503 18 43 94 99 0.47 49 62 1033 0.72713 96
MT97 22-Dec 516 21 46 126 111 0.49 71 60 1152 0.72733 105
MTI8 28-Dec 527 22 46 142 118 0.51 114 59 1191 0.72677 110
Dudh (2003)
MT99 02-Jan 543 21 49 139 119 0.53 117 89 1221 0.72664 115
MT100 14-Apr 494 57 50 152 323 0.44 81 65 1187 0.72830 109
MTI101  01-May 542 21 48 141 119 0.53 85 64 1222 0.72653 112
MT142 29-Jul 492 21 53 94 61 0.57 67 67 1024 0.72217 96
MT143  05-Aug 528 24 37 388 58 0.49 229 54 1097 0.72387 106
MT144 20-Aug 421 20 35 83 57 0.42 70 47 895 0.72453 83
MTI145  23-Aug 487 20 58 87 56 0.57 35 75 1007 0.72212 95
MT146 27-Aug 459 18 34 71 58 0.44 33 57 940 0.72480 86
Dana (2002)
CT41 04-May 540 24 31 52 75 0.46 31 97 980 0.72130 96
MT68 11-Jun 462 22 30 25 52 0.38 na 93 na 0.72196 na
MT69 18-Jun 466 22 30 27 54 0.38 na 96 na 0.72160 na
MT70 26-Jun 452 21 28 29 47 0.37 na 91 na 0.72162 na
MT?33 26-Jul 426 18 26 20 51 0.34 9 73 787 0.72112 75
MT34 02-Aug 422 18 28 27 43 0.35 11 71 794 0.72008 75
MT35 09-Aug 436 18 31 28 42 0.39 14 71 813 0.71983 78
MT36 16-Aug 435 20 31 55 45 0.38 27 87 809 0.72013 80
MT37 23-Aug 431 18 25 21 49 0.33 14 69 800 0.72082 76
MT38 30-Aug 491 21 36 36 57 0.44 43 93 885 0.71992 87
MT39 06-Sep 448 20 33 55 56 0.40 25 79 856 0.71995 82
MT40 13-Sep 489 22 31 39 64 0.41 17 75 937 0.72022 88
ett95 17-Sep 491 19 27 30 66 0.56 11 78 909 0.72072 86
MT41 20-Sep 519 22 30 37 70 0.42 22 77 984 0.72040 92
MT42 27-Sep 482 21 28 57 68 0.39 28 74 923 0.72035 87
MT43 04-Oct 520 21 30 32 70 0.41 11 82 980 0.72079 92
MT44 11-Oct 544 22 30 37 77 0.43 18 81 1030 0.72078 96
MT45 18-Oct 538 22 29 40 75 0.42 18 83 1015 0.72078 96
MT46 25-Oct 549 31 30 60 75 0.43 46 91 1024 0.72077 99
MT102 22-Dec 531 25 33 50 92 0.42 24 82 1011 0.72114 96
Dana (2003)
MT104  02-Jan 536 24 31 50 82 0.42 43 92 969 0.72107 95
MTI105 14-Apr 534 24 33 51 77 0.43 23 88 1006 0.72109 96
MTI106 01-May 537 23 32 51 85 0.42 26 89 1000 0.72130 96
MTI151  06-Aug 430 20 26 37 49 0.39 25 63 816 0.72002 77
MTI152  20-Aug 413 22 33 62 56 0.41 25 56 833 0.72068 78
MTI153 13-Aug 438 24 29 64 53 0.41 29 65 856 0.71967 81
MTI154  27-Aug 444 20 27 38 54 0.40 13 58 867 0.72040 80
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Table 4

Cation to Cl molar ratios and errors of rain (Galy and France-Lanord, 1999; Bickle et al., 2003) and hot springs (Becker, 2005) used to make cyclic and

hydrothermal corrections to the data set (*nmol/umol)

Ca/Cl Mg/Cl K/Cl Na/Cl Si/Cl Sr/CI? 87Sr/86Sr
Rainfall 2.97 1.99 0.72 1.35 0.41 4.05 0.7137
20 0.42 0.28 0.10 0.19 0.06 0.57 0.0006
Hot spring 0.16 0.03 0.10 0.41 0.01 1030 0.739
20 0.05 0.01 0.03 0.12 0.004 308 —
a RO T T T T T T T T T T tions in %’Sr/®°Sr must relate to changing the proportion of
— 2002 2003 _ Sr derived from different minerals, rather than just mon-
1000 - Monsoon = | soonal dilution. Changes in elemental ratios relate to either
changing source or because of differential dissolution/pre-
S B cipitation rates between minerals, in particular carbonate
£ 800 = I and silicate minerals, between the wet and dry season. As
< — a consequence, most of the data in this study is presented
2 600 — 1 as elemental ratios as these prove insightful in tracing
‘g | | either source or weathering process. Time-series variations
2 are considered first before comparing small tributaries be-
S 400 1= \Mg 1 tween the wet and dry season.
200 1 5.1. Seasonal cation variations
0 L 1111 1T In each of the four rivers where a time-series was collect-
W PR F 8 P8 W ed there are systematic trends in cation ratios. All cation to
Ca ratios decrease by a factor of ca. 2 in the monsoon com-
b 70T T T T T T T T T T T T T T T pared to the dry season. As an example, the Si(OH)4/Ca ra-
— tio is presented (Fig. 3). In the rivers draining TSS
600 - . ) (Marsyandi and Nar) the Si(OH),/Ca ratios are closely
matched ranging from 0.08 in the dry season to 0.02-0.03
500 - in the monsoon. The rivers draining the HHCS have a
. higher Si(OH),/Ca at all times of the year than TSS rivers,
"E 400 - consistent with previous data from the Himalaya and
g reflecting a lithological influence on river chemistry (e.g.
js 300 Krishnaswami et al., 1999; English et al., 2000). The range
% in the HHCS rivers (Dudh and Dana) is 0.23 in the dry sea-
200 son to 0.09 in the monsoon. The Dana Khola exhibits a less
well defined trend but the systematic decrease in the mon-
soon is apparent (Fig. 3). The post monsoon period of 2002
1007 shows a very systematic increase in Si(OH)4/Ca in all four
e rivers and the close correspondence in the detail of the

0
> >
Wat s W o %R F 8 @ W@ P

Fig. 2. (a) Cation concentrations throughout the annual hydrological
cycle, from the Marsyandi at Chame. The black lines are uncorrected data
and the grey lines are corrected for cyclic and hydrothermal input. (b)
Monthly discharge in the Marsyandi averaged over 10 year period from
the Lesser Himalaya near the confluence with the Trisuli (Sharma, 1997).

exception of Ca which only decreases by a factor of 1.5.
Discharge increases by a factor of up to 12 (Sharma,
1997; Gabet et al., 2004). The variation in concentration re-
lates to monsoonal dilution (Galy and France-Lanord,
1999). Concentrations in the 2002 monsoon are lower than
in 2003 consistent with reports that the 2002 monsoon was
of exceptional magnitude (Bookhagen et al., 2005). Varia-

curves suggests a single control on four spatially different
rivers (Fig. 3). The Marsyandi at Chame shows a decrease
in Si(OH)4/Ca before the onset of the 2003 monsoon. It is
not clear why this is the case but it may arise from local
orographic precipitation patterns or spring melt water
runoff.

5.2. Seasonal Sr isotope variations

Each of the four rivers collected for time-series shows a
distinct range in Sr isotope ratios (Fig. 3). The least radio-
genic is the Nar river ranging from 0.713 to 0.716. The
Marsyandi is more radiogenic ranging from 0.716 to
0.720. The HHCS rivers are even more radiogenic; the
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Fig. 3. Time-series data presented as Si(OH),/Ca (left) and ¥’Sr/%6Sr (right). Grey lines are corrected data. The vertical dashed line correlates small
temporal variations between all four catchments, where the Marsyandi, Dudh and Dana all show a simultaneous minor decrease in Si(OH),/Ca.

Dana ranging from 0.719 to 0.722 and the Dudh ranging
from 0.722 to 0.728. The Sr isotope results are consistent
with Si(OH)4/Ca between the TSS and HHCS. TSS rivers
have lower Si(OH)4/Ca and lower ®’Sr/**Sr than HHCS
rivers (Galy and France-Lanord, 1999; Jacobson et al.,
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2002; Bickle et al., 2005). More subtle differences in the riv-
er chemistry, such as the higher ¥’Sr/%®Sr in the Dudh than
in the Dana, whilst these rivers have a similar signal in
Si(OH)4/Ca almost certainly arise from local lithological
variations. The Dudh samples some TSS lithologies and
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the headwaters drain the Manalsu leucogranite. The Dana
however only drains Formation 2. Despite small differences
between the rivers, the seasonal trends are broadly similar.

There are systematic trends in all four rivers between the
dry season and the monsoon season for Sr isotope ratios.
In the early part of the 2002 and 2003 monsoon there is
a rapid decrease in 8’Sr/%Sr followed by a gradual increase
post monsoon. The trends in TSS rivers are very clear with
up to a 0.003 variation in 87Sr/%%Sr. The trends in HHCS
rivers are less prominent compared to TSS rivers but sys-
tematically lower ratios in the monsoon are observed.
The corrected ratios for cyclic and hydrothermal contribu-
tion show more scatter than uncorrected data because
HHCS rivers are more sensitive to rain and hot spring in-
puts because they are more dilute.

5.3. Tributary variations

Fifteen tributaries from TSS catchments sampled by
Bickle et al. (2005) in April (premonsoon) were re-sampled
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for this study in September (monsoon). These catchments
range in size from ca. 50 km® to only several km”. The
Si(OH),/Ca, Na/Ca, K/Ca, and Sr isotope ratios have been
compared between the premonsoon and monsoon water
stage (Fig. 4). Most tributaries plot below the 1:1 line
for Si(OH),/Ca, Na/Ca, K/Ca and ®'Sr/®Sr, demonstrat-
ing that on average tributaries have lower ratios in the
monsoon. This is consistent with the time-series data from
the larger rivers (Sections 5.1 and 5.2). The combination of
spot sampling of small tributaries and time-series sampling
confirms that the trends observed by other studies occur at
small spatial scales (e.g. Galy and France-Lanord, 1999)
where only one main lithology is drained. Given that the
catchments in the present study drain either TSS or HHCS
the variations are not specific to a single rock type.

5.4. Seasonal variations from other Himalayan catchments

The seasonal variations presented for the Marsyandi are
not unique in the Himalaya and are observed in two other
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Fig. 4. Cross plots of tributary data from April (Bickle et al., 2005) and September (this study) for: (a) Na/Ca ratios, (b) Si/Ca ratios, (c) K/Ca ratios and
(d) Sr isotope ratios. Grey points are data not corrected for cyclic and hydrothermal input and black points are corrected. There is a general trend of ratios
normalised to Ca to be lower in September, with the majority of tributaries falling below the 1:1 line. Sr isotope ratios are also lower in September in

accordance with the data from the main river.
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small monolithological catchments from the Langtang (Ne-
pal) and the Garhwal Himalaya (India) (Hasnain and Tha-
yyen, 1999; Bhatt et al., 2000). These small catchments (14
and 23 km?, respectively) drain dominantly silicate forma-
tions of the HHCS. Greater than 50% of both catchment
areas are glaciated. Both discharge and solute chemistry
from the Langtang are reported in Bhatt et al. (2000) sam-
pled during 1996. The Dokriani is situated in the Garhwal
Himalaya of Uttar Pradesh, India. Solute chemistry and
discharge are reported in Hasnain and Thayyen (1999)
sampled over the 1994 monsoon season. Water samples
have been corrected for cyclic input following West et al.
(2002) and show negligible hydrothermal input. Sr isotope
data is not available for these samples.

In these catchments the proportion of silicate to total
weathering has been quantified by estimating the propor-
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Fig. 5. X seasonal variations for (a), the Dokriani and (b) the Langtang.
Grey points are calculated using the rock ratios of Quade et al. (2003) and
black points are calculated using the rock ratios of Gaillardet et al. (1999)
and Galy and France-Lanord (1999). Although the magnitude of Xg;
depends on the values of the rock cation ratios adopted, this choice should
not alter their relative values.

tion of silicate to total ions leached during the weathering
process following Krishnaswami et al. (1999) and Galy
and France-Lanord (1999) and modified by Quade et al.
(2003) (Fig. 6). Discharge data is available from these
catchments and so it is useful to use this approach to quan-
tify the carbonate and silicate weathering fluxes. Silicate Ca
and Mg are calculated using the Ca/Na and Mg/Na ratio
of silicate rocks where Cayg is calculated as

Ca

Casﬂ = Na* x (—) (1)
Na silicate rock

and Mgy, is calculated as
Mg

Mg = Na® x <_> . 2)
Na silicate rock

Note that Na* is Na corrected for cyclic and hot spring in-
puts. Xg;, the fraction of silicate cations to total cations is
calculated on an equivalent basis as:

X»— ZXCasil+2XMgsil+K+Na
T\ 2xCa+2xMg+K+Na

3)

The effect on X§; of using different rock ratios has been as-
sessed by using the Ca/Nag; of Galy and France-Lanord
(1999) at 0.2 and Quade et al. (2003) at 0.41. The same
Mg/Nag; as Quade et al. (2003) of 0.24 has been assumed
to be typical of silicate rock ratios. Although there are large
uncertainties in the appropriate silicate rock cation ratios
the overall trends reported in this study do not depend
on the values used unless incongruent silicate rock dissolu-
tion exhibits marked seasonal variation.
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Fig. 6. Srisotope and Si/Ca for bedrock, bedload and dissolved load. The
dissolved load defines an array. The solid black line is the regression line
through the all dissolved data (R*>=0.59). The dissolved load trends
towards the Sr isotope values of the leachates as the carbonate end-
member. Each catchment has slightly different characteristics reflecting the
different proportion of carbonate and silicate bedrock in each catchment.
The rock and bedload data also define an array. The dashed line is the
regression line through the rock and bedload data (R* = 0.79).
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This method assumes congruent dissolution of silicate
rocks and conservative behaviour of solutes, assumptions
that may be violated in certain cases. Incongruent dissolu-
tion is particularly likely in weathering limited areas with
high erosion rates (Stallard, 1995). The most significant
incongruent process affecting X; in these catchments is
the removal of Ca by the precipitation of secondary car-
bonate which is common in Himalayan catchments (e.g.
Galy et al., 1999; English et al., 2000; Jacobson et al.,
2002; Bickle et al., 2005). This may cause an over estima-
tion of Xg;.

X1 1s high in these silicate dominated catchments
(Fig. 5), up to 35% in the Dokriani, consistent with rivers
draining silicate bedrock. For comparison the average Xg;
in the Dudh is 11%, 8% in the Dana and drops to as low
as 3% in the Marsyandi at Chame and the Nar Khola
during the monsoon. There are strong seasonal trends in
both rivers. X; decreases by up to a factor of 2 during
the monsoon. This is very similar to the trends in the
Si(OH),/Ca and ®’Sr/*%Sr in the Marsyandi, demonstrat-
ing that the seasonal variations in weathering process
are not restricted to catchments dominated by limestone
or calc-silicate lithology. In these rivers, the variations
cannot be related to changing hydrothermal input since
the Lirung and Dokriani are catchments known to be free
of springs.

6. Discussion

The seasonal variations in river chemistry have been
presented as Si(OH),/Ca, Xg; and ¥’Sr/*Sr. These should
all trace the proportion of silicate to carbonate derived
ions. However, trends in Si(OH),/Ca and X may be
biased by the removal of Ca from river waters by second-
ary carbonate. ®’Sr/*Sr is also known to be complicated
in the Himalaya. The extent to which the seasonal varia-
tions represent changing the proportion of carbonate to sil-
icate derived ions is first assessed, by considering the
chemistry of the bedrock. The discussion then considers
the controls on carbonate and silicate weathering, to ex-
plain the observed trends.

6.1. Carbonate to silicate control on Marsyandi waters

There are several different approaches of estimating the
proportion of carbonate to silicate derived ions in river
waters (e.g. Garrels and Mackenzie, 1967; Negrel et al.,
1993; Gaillardet et al., 1999; Galy et al., 1999; Krishnasw-
ami et al., 1999; Quade et al., 2003; Bickle et al., 2005).
Ultimately these methods rely on combining rock ratios
with river water cation data, in a similar way to X of
the present study (Section 5.4). In the Himalaya, it is
accepted that Ca is not a conservative element (Galy
et al., 1999; Jacobson et al., 2002; Bickle et al., 2005) be-
cause of the precipitation of secondary calcite. This can
bias the calculation of the proportion of carbonate to sili-
cate derived ions.

In the present study, the Marsyandi data has been pre-
sented as Si(OH)4/Ca ratios and 3’Sr/®¢Sr (Fig. 3). These
can be used to qualitatively assess the proportion of sili-
cate to carbonate derived ions in the solute load.
Si(OH),/Ca is a qualitative tracer of silicate to carbonate
in limestone dominated catchments where dissolved Ca is
buffered by limestone dissolution. As noted above, howev-
er, all tracers of carbonate to silicate involving Ca are
complicated because of the non-conservative behaviour
of Ca. Up to 70% of the total dissolved Ca is reported
to be removed from Himalayan rivers (Galy et al., 1999;
Jacobson et al., 2002; Bickle et al., 2005) and soil carbon-
ate has been observed in the Marsyandi catchment.
87Sr/%%Sr is not affected by the precipitation of secondary
calcite (Stewart et al., 1998) as any naturally occurring
fractionations are normalised during analysis. In addition,
the dissolution of secondary calcite will greatly affect the
Si(OH)4/Ca ratios while the ¥’Sr/**Sr will be barely modi-
fied since secondary calcite has a low Sr concentration
(Tesoriero and Pankow, 1996). Given that the seasonal
trends in ¥’Sr/%®Sr and Si(OH),/Ca are similar (Fig. 3),
the non conservative behaviour of calcite cannot alone ac-
count for the variations in Si(OH),/Ca.

Because of the close correspondence and systematic var-
iation of Si(OH),/Ca and 'Sr/*°Sr, we suggest that vari-
ability in both ¥’Sr/®¢Sr ratios and in major ion chemistry
is dominated by variations in the relative inputs from car-
bonate and silicate sources. There is a continuing contro-
versy as to the extent to which Sr isotope ratios in
Himalayan rivers reflect a silicate Sr flux or a carbonate
Sr flux with high %’Sr/%®Sr ratios (e.g. Edmond, 1992;
Krishnaswami et al., 1992; Palmer and Edmond, 1992;
Pande et al., 1994; Quade et al., 1997; Harris et al., 1998;
Galy et al., 1999; English et al., 2000; Bickle et al., 2003,
2005; Oliver et al., 2003). Where carbonate is highly radio-
genic, particularly in the Lesser Himalaya (Singh et al.,
1998; Galy et al., 1999; Bickle et al., 2001), it may be diffi-
cult to distinguish between carbonate and silicate Sr (Blum
et al., 1998; Jacobson and Blum, 2000). However, none of
the catchments in this study are from the Lesser Himalaya
and carbonates from the Marsyandi HHCS and TSS are
only moderately radiogenic, with leachates on bedload
yielding 3’Sr/%°Sr of 0.712-0.714 (Galy et al., 1999) and
the present study (Table 5).

Analysis of bedrock, bedload and dilute acid leaches of
bedload from the Marsyandi demonstrates that carbonate
and silicate 3’Sr/3®Sr are distinct in the Marsyandi (Table
5). The analyses define an array in ®’Sr/**Sr-Si/Ca space
with the bedload leaches defining a low 3’Sr/%¢Sr and zero
Si/Ca carbonate end-member (Fig. 6). Even at the conflu-
ence of the Marsyandi with the Trisuli in the Lesser Hima-
laya bedload leaches have 87Sr/8%Sr ca. 0.713 similar to the
leachate composition of TSS bedload and much lower than
bulk bedload (0.736) which requires that the highly radio-
genic carbonates of the Lesser Himalaya and HHCS only
contribute a small fraction of the dissolved Sr in the
Marsyandi.



Table 5

Bedrock, bedload, and leachate data from the Marsyandi catchment

Sample Lithology Type N E wt% oxides LOI Total 87Sr/86Sr Molar ratios
SIOZ T102 A1203 F€203 MgO CaO NazO KzO Mg/Ca Sl/Ca

Bedload

BCT9 TSS Nar 28.554 84.260 50.07 0.43 8.50 343 1.50 16.27 1.05 1.69 15.04 98.11 0.129 2.27

BCT10 TSS Chame 28.552 84.241 38.03 0.42 7.00 2.90 1.74 23.55 0.72 1.60 21.32 97.36 0.71540 0.103 1.19

BCT39 TSS Marsyandi 28.545 84.032 37.54 0.36 6.62 2.86 1.99 24.22 0.86 1.54 21.37 97.47 0.71441 0.115 1.14

BCT47 TSS + HHCS Marsyandi 35.500 84.374 0.71969

Bedrock

CR9 TSS Limestone 28.687 83.997 59.04 0.67 12.26 7.58 1.78 6.67 1.83 1.48 7.98 99.45 0.71548 0.374 6.52

CRI11 TSS Quartzite 28.680 84.003 0.71477

CR12 TSS Black shale 28.678 84.003 52.02 1.46 32.86 0.70 0.11 0.12 1.51 6.93 4.81 100.56 0.71955 1.309 326

CR13 TSS Psammite 28.680 84.003 0.72674

CR14 TSS Limestone 28.669 84.018 27.65 0.25 5.27 3.51 1.06 31.66 0.34 1.14 27.57 98.76 0.047 0.643

ett26R TSS Limestone 28.654 84.032 47.76 0.48 10.02 3.51 1.91 16.52 0.59 291 1591 99.74 0.72051 0.161 2.131

ett43R TSS Limestone 28.777 83.977 7.43 0.17 1.76 1.54 4.99 43.08 0.00 0.16 38.12 97.31 0.70969 0.162 0.127

29b HHCS Calc-silicate 28.528 84.318 45.39 0.72 14.34 4.84 3.34 19.37 0.46 3.30 7.32 99.26 0.71649 0.242 1.73

ett113R HHCS Paragneiss 28.476 84.374 77.33 0.53 11.26 3.32 0.79 1.27 1.83 2.54 0.63 99.68 0.74912 0.292 31.5

ett127R HHCS Paragneiss 28.410 84.434 75.27 0.71 10.88 4.94 1.83 1.27 2.23 1.67 0.86 99.89 0.75940 0.673 30.6

Leachates

BCT10 TSS 1 h 5% acetic 0.71384 0.027 0.001

BCT10 TSS 10 min 5% acetic 0.71388 0.024 0.000

BCT10 TSS 1 h 10% acetic 0.71356 na na

Galy et al. (1999)

Leachates

LO 315 Mixed 0.71306 0.057 0.003

NAG 22 TSS 0.71162 na na

Residues

LO 315 Mixed 0.73658 4.159 79.7

NAG 22 TSS 0.72185 6.327 89.2

Major element data obtained by XRF, except for the leachate Si/Ca and Mg/Ca ratios which were determined by ICP-AES. BCT10 is the bedload from the Marsyandi at Chame, representative of the
integrated output from the Marsyandi TSS. This sample was first leached in de-ionised water to remove loosely held Sr prior to cold acid leaching as indicated. Sample NAG22 from Galy et al. (1999) is
from the headwaters of the Marsyandi, and LO315 is from the Marsyandi close to the confluence with the Trisuli.
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6.2. Causes of seasonal variations in riverine chemistry

The variations in major ion concentration and ¥’Sr/*®Sr
ratios are consistent with a significant increase in the pro-
portion of carbonate input to the dissolved load of Hima-
layan rivers during the monsoon. The most likely cause of
this variation is the increased runoff from monsoonal pre-
cipitation and glacial meltwater which increases discharge
by up to a factor of 12 (Sharma, 1997; Gabet et al.,
2004). Seasonal variations in other parameters which may
impact chemical weathering fluxes are less marked in the
upper Marsyandi. For example, water temperatures only
vary from 11.1 °C in April to 12.2 °C in September, a peri-
od which includes the most marked changes in river chem-
istry. Vegetation is sparse minimising potential biomass
uptake (West et al., 2002).

The conclusion that discharge is the main control on
compositional variability is supported by the close corre-
spondence in short term variations in Si(OH),/Ca and
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87Sr/%6Sr between the four rivers of the upper Marsyandi
catchments (Fig. 3). Given that the four rivers drain spa-
tially distinct catchments, the most probable common fac-
tor controlling such short term compositional variability is
orographically enhanced storm events.

The variations in silicate and carbonate weathering flux-
es from the Lirung catchment, where discharge data is
available (Bhatt et al., 2000) provide further constraints
on the causal relationships between weathering fluxes and
runoff. This is not possible in the Marsyandi where pub-
lished data is only available in the Lesser Himalaya where
the important short-term variations in discharge are out of
phase with the upper parts of the Marsyandi catchment.

Weathering fluxes are calculated as the product of dis-
charge and carbonate or silicate ions partitioned using
Eqgs. (1) and (2). Runoff is estimated from the discharge
and the catchment area. Many river systems exhibit a lin-
ear relationship with a zero intercept between weathering
fluxes and runoff because the variations in chemical
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Fig. 7. The dependance of weathering flux on runoff for the Lirung catchment. Silicate Ca and Mg are estimated using Egs. (1) and (2). Total silicate ions
are the sum of Cag;, Mgy, K, and Na. Carbonate ions are estimated as total Ca and Mg less silicate Ca and Mg. GW is groundwater and RO is runoff,
plotted schematically where they would be located (see text for discussion). (a) and (b) have been fitted with a straight line and (c) and (d) have been fitted
by a power law relation. (solid lines with 1o error bars). Dashed line is predicted for constant concentration plotted through the mean of the data. Note
that the exponents in the power law fits are very similar to exponent of 0.65 used by Berner and Kothavala (2001) to model the dilution effects of
weathering fluxes at a global scale.
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concentrations are small compared with runoff (e.g. Bluth
and Kump, 1994; Gaillardet et al., 1999). However, in the
Lirung catchment (and the other Himalayan catchments
discussed here), this is not so with a factor of 3 change
in elemental concentration compared to a factor of 6
change in runoff. The data deviates significantly from
the relationship between weathering flux and runoff where
concentration remains constant (dashed lines, Fig. 7) or
where a constant concentration weathering input is dilut-
ed or concentrated by an increase in runoff or evaporation
(dashed lines, Fig. 8). The steeper slope for carbonate
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merely reflects the greater concentration of carbonate
ions.

The weathering flux—runoff data on Fig. 7 allow at least
two explanations:

(1) The trends are linear representing mixing of higher
concentration component seen at low runoff with
low concentration high runoff component, or

(2) There is a non linear variation of concentration with
runoff such that the data fit a power law relation
(Figs. 7 c and d).
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Fig. 8. Plots of concentration vs discharge for the Langtang. The dashed curves represent the effects of evaporation and dilution. The solid curves
represent hyperbolic fits and error envelope (grey) to schematically illustrate the trends.
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The single element-runoff relationships in Fig. 8 pre-
clude a simple dilution-evaporation control and the consis-
tent seasonal changes in ®’Sr/%°Sr ratios and elemental
ratios (Figs. 3-5) in the Marsyandi strongly suggest that
the water compositions are controlled by two-component
mixing. Similar observations of high concentrations at
low discharge and hence positive intercepts for chemical
flux—runoff correlations (e.g. Bluth and Kump, 1994) have
been explained by a groundwater discharge maintaining
base flow augmented by more dilute water at high flow
(e.g. White and Blum, 1995). These authors modelled
evapotranspiration in a range of catchments and noted that
recharge from groundwater was required to balance hydro-
logical budgets in some catchments. Fairchild et al. (1999)
report an increase in solute concentrations at low runoff in
a similar Alpine environment, though cannot explain their
data by a two component mixture between baseflow and
rainwater. The importance of groundwater has been
highlighted elsewhere in the world e.g. Anderson
et al. (1997a,b), Ohrui and Mitchell (1999), Clauer et al.
(2000), Johnson et al. (2000), and Rademacher et al.
(2001) report that cation concentrations correlate with
groundwater age, highlighting the importance of residence

4

-
-
-

time. The groundwater model for explaining the seasonal
variations is illustrated schematically in Fig. 9 that the dif-
fering chemistries of the groundwater and rapid runoff
components reflects control by dissolution kinetics and
time available for mineral-water reactions. Carbonate dis-
solution is an order of magnitude faster than silicate (e.g.
Alkattan et al., 1998; White et al., 1999; Welch and Ull-
man, 2000).

During the monsoon the contact time between the sur-
face runoff and rock is short and the faster dissolution
kinetics of carbonate allows a higher proportion of carbon-
ate dissolution. Outside the monsoon, the rivers are fed
mainly by shallow groundwater with the longer residence
time allowing further dissolution of silicate whereas carbon-
ate saturation is reached rapidly and limits further carbon-
ate inputs. The observation that tributaries are saturated
with respect to calcite even in the late monsoon (Table 1) at-
tests to the relative rapidity of carbonate dissolution. Galy
and France-Lanord (1999) and France-Lanord et al. (2003)
have also reported that most Himalayan rivers are saturated
with respect to calcite even in the monsoon.

The interpretation of the water compositions in the
Himalayan catchments discussed here in terms of simple

" Rapid runoff on surface

and through shallow soil,
dominated by carbonate
weathering

Thin veneer of soil
inTSS and HHCS
catchments

w7

- 4

path, for
dwater,
ock-water
ith high
ponent

Fig. 9. Schematic of the potential sources of water to the Marsyandi. The faster dissolution kinetics of calcite means that it is more likely to respond
rapidly to interaction with surface water whereas the slower dissolution kinetics of silicate minerals means that water with a longer water—rock interaction
time will accumulate a larger fraction of ions from silicate weathering. In the winter when rainfall is low the base flow may be sourced from groundwater
(Hendershot et al., 1992) with a higher proportion of silicate derived ions. In the summer discharge is dominated by monsoonal runoff with a greater
proportion of carbonate derived ions. River waters may be affected by the hydrothermal springs reported by Evans et al. (2001, 2004) and Becker (2005)

which have been corrected for in this study.
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mixing between a groundwater and a rapid-runoff compo-
nents is made with the knowledge that there are certainly
other controls on the chemical weathering flux. These must
include temperature (e.g. Velbel, 1993), biomass uptake
(e.g. Drever, 1994) and freezing/melting cycles in the glaci-
ated subcatchments (e.g. Anderson et al., 1997¢; Fairchild
et al., 1999) as well as potential complexities relating to var-
iable groundwater paths and preferential exposure of fresh
rock by landslides during the monsoon. The contrast in
vegetation between the sparsely covered TSS and more
densely forested HHCS may explain the observation that
the compositional trends in the HHCS rivers are less prom-
inent but demonstrates that vegetation does not mask the
runoff control.

Despite the higher fraction of silicate weathering outside
the monsoon, there is an overall increase in the silicate
weathering flux during the monsoon in both the Lirung
and Dokriani catchments. The monsoonal flux of silicate
derived ions is approximately 60% of the total annual sili-
cate weathering flux in each of the catchments. It is not
possible to estimate the fluxes directly in the Marsyandi be-
cause there is no published discharge data. The monsoon
silicate weathering flux has been estimated as a fraction
of the total annual weathering flux by assuming that the
upstream discharge scales directly with the published dis-
charge (Fig. 2a) for the Marsyandi in the Lesser Himalaya
(Sharma, 1997). This implies that the monsoonal silicate
weathering flux is 50-70% of the total annual silicate
weathering flux for the Marsyandi catchments.

7. Conclusions

The dissolved load in four rivers of the Marsyandi
catchment (Nepal Himalaya) exhibit large seasonal varia-
tions in major cation ratios and Sr isotope ratios. A de-
crease in Si(OH)4/Ca, X, and Sr isotope ratios is
consistent with a greater proportion of ions derived from
carbonate weathering during the monsoon. The seasonal
variations are not the result of changes in the location of
precipitation, leading to runoff sampling distinct lithologies
because the rivers in this study are small to medium catch-
ments sampling relatively uniform lithology. The seasonal
variations are even observed in first order tributaries,
draining an area of several km?. The seasonal variations
must reflect a differing response of carbonate and silicate
lithologies to climatic forcing, and the strongly linear
dependence of weathering flux on runoff confirms that run-
off is the first order control. The faster dissolution kinetics
of carbonate can explain why carbonate exhibits a greater
sensitivity to runoff than silicate lithologies. At high runoff,
the residence time of water is short, causing an increase in
the proportion of carbonate to silicate derived ions. In con-
trast, in the dry season, the residence time of water is long-
er, permitting a greater proportion of silicate dissolution,
relative to carbonate. There may be a greater proportion
of silicate dissolution in groundwater where residence times
are longer than surface water. In spite of the relative de-

crease in the silicate derived contribution to the dissolved
load during the monsoon, the silicate weathering flux is
dominated by the monsoonal flux, with 50-70% of the total
silicate weathering flux occurring in the months June to
September. Whilst the data presented here are relevant to
annual time-scales the variations presented may provide in-
sight to how the relative rates of silicate and carbonate
weathering may change over longer time scales and partic-
ularly how weathering fluxes may have responded to cli-
matic changes in runoff, a first order control on global
chemical weathering fluxes.
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