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The Irrawaddy and Salween rivers in Myanmar deliver water fluxes to the ocean equal to ~70% of the Ganges—
Brahmaputra river system. Together these systems are thought to deliver about half the dissolved load from
the tectonically active Himalayan-Tibetan orogen. Previously very little data was available on the dissolved
load and isotopic compositions of these major rivers. Here we present time series data of 171 samples collected
fortnightly at intervals throughout 2004 to 2007 from the Irrawaddy and Salween at locations near both the river
mouths, the up-stream Irrawaddy at Myitkyina, the Chindwin, a major tributary of the Irrawaddy and a set of 28
small tributaries which rise in the flood plain of the [rrawaddy between Yangon and Mandalay. The samples have
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Keywords: been analysed for major cation, anion and ’Sr/%5Sr ratios. The new data indicates that the Irrawaddy has an an-
Irrawaddy nual average Na concentration only a third of the widely quoted single previously published analysis. The
Salween Irrawaddy and Salween drain about 0.5% of global continental area and deliver about 3.3% of the global
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silicate-derived dissolved Ca + Mg fluxes and 2.6% of the global Sr riverine fluxes to the oceans. This compares
with Ganges and Brahmaputra which deliver about 3.4% of the global silicate-derived dissolved Ca + Mg fluxes
and 3.2% of the global Sr riverine fluxes to the oceans from about 1.1% of global continental area. The discharge-
weighted mean 37Sr/%Sr ratio of the Irrawaddy is 0.71024 and the Salween 0.71466.
The chemistry of the Salween and the Irrawaddy waters reflects their different bedrock geology. The catchment
of the Salween extends across the Shan Plateau in Myanmar through the Eastern syntaxis of the Himalayas and
into Tibet. The Irrawaddy flows over the Cretaceous and Tertiary magmatic and metamorphic rocks exposed
along the western margin of the Shan Plateau and the Cretaceous to Neogene Indo-Burma ranges. The
875r/86Sr compositions of the Salween and Upper Irrawaddy (between 0.7128 and 0.7176) are significantly
higher than the downstream Irrawaddy (0.7095 to 0.7108) and the Chindwin (0.7082 to 0.7095). The Irrawaddy
and the Chindwin exhibit lower 87Sr/%5Sr and Na/Ca ratios during and immediately post-monsoon, interpreted to
reflect higher weathering of carbonate at high flow. The Salween exhibits higher 8’Sr/85Sr ratios but lower Na/Ca
ratios during the monsoon, interpreted to reflect higher inputs from the upper parts of the catchment in the
Himalayas.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Himalaya-Tibet region covers just less than 5% of global conti-
nental area but the orogen is drained by ten major rivers which supply
~10% of the riverine discharge to the oceans (Fig. 1). The network of riv-
ers includes the Ganges and Brahmaputra in India and Bangladesh, the
Irrawaddy and Salween flowing into the Andaman Sea from
Myanmar, the Indus from Pakistan and the Chang Jiang (Yangtze),
Huang Ho, Zhujiang (Pearl), the Hong (Red) and the Mekong rivers
which flow across Tibet, China, or Vietnam. These major rivers carry a
significant fraction of the global chemical weathering flux to the oceans
(e.g. Palmer and Edmond, 1989; Sarin et al., 1989; Edmond, 1992; Harris
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et al.,, 1998; Krishnaswami and Singh, 1998; Singh and Hasnain, 1998;
Galy and France-Lanord, 1999; Pandey et al., 1999; English et al.,
2000; Bickle et al., 2001; West et al., 2002; Bickle et al., 2003; Bickle
et al., 2005; Tipper et al., 2006).

Studies of the physical and chemical weathering caused by these riv-
ers provide a measure of the overall impact of the Himalaya-Tibetan
orogen on global climate. A controversial postulate is that exhumation
and erosion of the Himalaya-Tibet orogen have increased the ‘weather-
ability’ of the continental crust and contributed to the late Cenozoic
cooling of global climate and impacted key oceanic tracers such as
875r/86Sr ratios (Raymo et al., 1988; Raymo and Ruddiman, 1992;
Richter et al., 1992; Caldeira et al., 1993; Bickle, 1996).

This study reports chemical and strontium isotope fluxes from the
Irrawaddy, Chindwin and Salween Rivers in Myanmar, by analysis of
samples collected over a period between 2004 and 2007 at four sites,
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Fig. 1. Major rivers draining the Himalayan-Tibetan region in Asia. Redrawn after Bickle (1996) and Clark et al. (2004).

as well as a set of twenty eight tributaries to the Irrawaddy collected
during the 2007 monsoon (Fig. 2). The objective is to determine the
chemical and Sr-isotopic fluxes and the controls on these fluxes. These
rivers drain an area close to half the size of the catchment area of the
Ganges-Brahmaputra system but contribute about 70% of the discharge
of the Ganges-Brahmaputra system. Very limited chemical data and no
Sr-isotopic data have previously been published for the Irrawaddy and
Salween Rivers (e.g. Meybeck and Ragu, 1996).

2. Study area

The Salween rises in Tibet, flows through the Eastern syntaxis of the
Himalayas and then flows through China and eastern Myanmar before
reaching the Gulf of Martaban (Fig. 1). The Irrawaddy rises in northern
Myanmar, and is joined by a major tributary, the Chindwin, just west
of Mandalay before reaching the Andaman Sea south of Yangon. The
Irrawaddy (Ayeyarwady) River is ranked as having the fifth largest
suspended load at 364 +/— 60 MT and the fourth highest total dis-
solved load of the world's rivers (Robinson et al., 2007). However
given the reduced sediment load due to the effects of dams in the
Yangtze and Mekong Rivers, it is probable that the Irrawaddy now de-
livers the third highest sediment load to the ocean after the Amazon
and Ganges-Brahmaputra (Robinson et al., 2007). Milliman and
Meade (1983) estimate that close to 20% of the current ocean input of
water, sediment and dissolved load from the Himalayas and Tibet is
delivered by the Irrawaddy-Salween river system.

The Irrawaddy River is 1985 km long and drains a catchment of
413,000 km? (Robinson et al., 2007). It is named from the confluence
of the N'mai and Mali Rivers in Kachin State. Both the N'mai and Mali
Rivers have glacial sources in the vicinity of 28° N in Northern
Myanmar. The upstream water samples for this study were collected
at a site in the upper reaches of the Irrawaddy at Myitkyina which lies
~50 km south of the confluence (Fig. 2). In 2008, after the sampling
for this study was complete, construction work started for the Myitsone
Dam at the confluence of the N'mai and Mali Rivers.

Between Myitkyina and Mandalay, the Irrawaddy flows through the
Bhamo alluvial basin over the Tagaung-Myklyna Belt to the Mogok
Metamorphic Belt. At Mogok, about 100 km north of Mandalay, the
river flows almost due south over metamorphic rocks and Holocene
lavas. From Mandalay the river makes an abrupt turn westwards,
crosses the Sagaing Fault onto the western sedimentary basin, before

curving southwest to unite with the Chindwin River, after which it con-
tinues in a southerly direction. The Irrawaddy is thought to have drained
the Yarlung-Tsang Po in Tibet from at least 40 Ma before capture of the
Yarlung-Tsang Po by the Brahmaputra, most probably at ~20 Ma in the
early Miocene (Robinson et al., 2013). It is also probable that the upper
Irrawaddy originally flowed south from Mandalay, discharging its water
through the present Sittoung River to the Gulf of Martaban, and that
its present westward course is geologically recent. The delta of the
Irrawaddy begins about 93 km above Hinthada (Henzada) and about
290 km from its discharge into the Andaman Sea. The downstream
time series was collected close to Hinthada (Fig. 2).

The Chindwin originates in the broad Hukawng Valley of Kachin
State where 4 rivers meet. The Tanai exits the Hukawng valley through
the Taron or Turong valley and then takes on the name of Chindwin, and
maintains a general southerly course. It then takes a more south-
easterly course entering into broad central plain, passing the city of
Monywa where the time series for the Chindwin were collected. It
enters the Irrawaddy just south of Monywa at 21° 27'N 95°17'E. The
Chindwin is 1046 km long and has a catchment area of 115,300 km?
and the discharge in 2004 was ~165 km?/yr (data from Department of
Meteorology & Hydrology, Myanmar) but in severe flood years is
~300 km?/yr (Zin et al., 2009).

Twenty eight tributaries, which flow west across the lower flood
plain between Yangon and Mandalay, were sampled by the first two au-
thors in September 2007 during the monsoon (Fig. 2) in order to inves-
tigate the chemical inputs to the Lower Irrawaddy from the younger
source rocks in this low altitude catchment area.

The Salween (Thanlwin) River is approximately 2800 km in length,
drains a catchment of 2.72 x 10° km? and has an average annual dis-
charge of 211 km? (Robinson et al., 2007). It rises with water from gla-
ciers in the Tangula Mountains of the Tibetan Plateau, flowing
southwards through Yunnan Province of China, the Kayan and Mon
States of Myanmar into the Gulf of Martaban in the Andaman Sea. The
time-series sample site was at Hpa-An before the outflow into the
Gulf of Martaban (Fig. 2).

3. Geology
There are three distinct geological provinces in central Myanmar.

Mitchell (1993) describes the geology in detail in terms of the Indian
Plate, Burma Plate and Asian Plate. Fig. 3, redrawn from Mitchell et al.
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Fig. 2. Map of rivers in Myanmar and sample sites. Drawn from Army Map Service (GDVLB) (1955) 1:250,000 sheets. Solid squares denote the four time-series sample sites. Small grey

circles denote tributaries sampled in summer 2007.

(2007) and Searle et al. (2007), illustrates the distribution and ages of
the main rock-types.

In the East, the generally older Palaeozoic sediments of the Asian
Plate form the highlands of the Shan Plateau incorporating Lower
Palaeozoic turbidites and Permian to Triassic carbonates. The western
boundary of this zone is the Mogok Metamorphic Belt, which contains

high-grade metamorphic schists, gneisses, marble and migmatites
metamorphosed in the mid-Cenozoic prior to 60 Ma and around
30 Ma then exhumed by about 20 Ma (Searle et al., 2007).

The Central Troughs (Burma Micro Plate) west of the 1200 km right
lateral strike-slip Sagaing Fault comprises sedimentary basins with late
Cretaceous and younger sediments thought to be formed above a steep
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Fig. 3. Geology of Myanmar redrawn from Mitchell et al. (2007) and Searle et al. (2007).

eastwardly dipping subduction zone with associated granite-granodiorite
intrusions and alkaline andesite-dacite strato-volcanoes.

The Miocene granitic rocks extend from south of Mandalay through
the Shan Scarps, where they are cut by the Salween River, towards south
Thailand. These intrusions have been analysed by Darbyshire and
Swainbank (1988) giving mainly ages of ~150-100 Ma with present
day 87Sr/%sr ratios 0.712-0.717 and are thought to be emplaced during
extension after crustal thickening. The Holocene volcanics have lower
initial 87Sr/8%Sr ratios (~0.705) implying a more mantle derived source
(Darbyshire and Swainbank, 1988).

The western Indo-Burman Ranges comprise Upper Triassic flysch-
type turbidites with some ophiolites, unconformably overlain by
Cretaceous to Eocene and younger sediments, mainly limestones with

intercalated serpentine sheets. The West Chin Hills may represent a
magmatic arc with Eocene ophiolites.

The dextral strike-slip Sagaing fault is thought to separate the Late
Oligocene collision of a north facing oceanic arc system with the forearc
of west Sumatra (Daly et al., 1991).

The sediments of the upper Irrawaddy basin include volcanics from a
Cretaceous arc and sediments shed during the collision (Stephenson
and Marshall, 1984; Maury et al., 2004; Najman et al., 2004; Szulc
et al.,, 2006; Allen et al., 2008) as well as subduction related intrusive
igneous rocks post-collision (Darbyshire and Swainbank, 1988). The
Indo-Burman hills to the west of the Irrawaddy are comprised of the
Neogene sedimentary rocks in the west, separated from Palaeogene
sediments with local ophiolites and metamorphic rocks of Triassic to



H. Chapman et al. / Chemical Geology 401 (2015) 15-27 19

Cretaceous age by the Kaladan Fault. The Indo-Burman hills accreted as
forearc flysh above the Sunda Arc subduction zone (Allen et al., 2008).

4. Sampling and analytical methods

Samples for the four time-series were collected fortnightly for pe-
riods between September 2004 and March 2007 to cover the entire hy-
drographic range. These four time series were collected from:
1) Upstream Irrawaddy at Myitkyina [ARW], 2) the main tributary, the
Chindwin at Monywa [MNY], 3) downstream Irrawaddy at Hinthada
[HTD] and 4) the Salween at Hpa-An close to its entry to the Andaman
Sea [THN]. Twenty eight of the main tributaries of the Irrawaddy were
sampled in September 2007 along the east bank between Yangon and
just north of Mandalay [RA]. Locations are given in Fig. 2.

The four time series water samples were collected by local em-
ployees of the Department of Meteorology & Hydrology, Yangon, and
the tributary samples by the first two authors. The time series were
collected at gauging stations and the collection sites of the tributaries,
depending on the size of the tributary were from riverbanks, by lower-
ing a bucket from the centre of bridges or from various sizes of boat.
Water samples were filtered on site with 0.2 um pore size, nylon,
Whatman filters. Samples for cations and Sr isotopic analyses were
acidified on site with sub-boiling quartz distilled hydrochloric acid to
maintain a pH <2. Duplicate samples were left unacidified for anion
measurements.

The acidified filtered water samples were analysed for the elements
Na, K, Ca, Mg, Si, S and Sr on an inductively coupled plasma-atomic
emission spectroscopy Varian VISTA ICP-AES at Cambridge following
the method given in de Villiers et al. (2002) using a mixed standard
made up from ICP-MS standards with cation proportions specifically de-
signed to match the waters to minimise matrix effects. All samples were
analysed in two separate runs with reproducibility within 2%. Anions
were analysed on the Dionex ICS-3000 ion chromatograph at
Cambridge where repeat measurements of USGS natural river water
standard T-143 gave reproducibility better than 4% (2SD, n = 97) for
the elements (Cl, S, F, N). S measured by emission spectroscopy and
ion chromatography reproduced with a mean standard deviation of
~4%. Strontium was separated using Dowex 50Wx8 cation exchange
resin with 200-400 mesh particle size in ultra-clean lab conditions
and 87Sr/%5Sr ratios were measured on a VG Sector 54 solid source
mass-spectrometer using triple-collector dynamic algorithm, normal-
ised to 8Sr/86Sr 0.1194 with an exponential fractionation correction
(cf. Bickle et al., 2003; Bickle et al., 2005). The 90 analyses of NBS 987
during the two year period of these analyses gave a mean value of
0.710266 +/— 8 ppm (1 sigma). Blanks were <200 pg and negligible
for the Sr concentration of these waters.

5. Elemental concentration results

Concentrations (umole/1) of cations, anions and the Sr isotopic ratios
of all water samples are given in the supplementary data (Table S1).
Eleven samples out of the 171 collected have exceptionally high Na,
Cl, Ca or Sr concentrations. These include three tributaries with low
flows which are considered contaminated as collected close to villages
(RA23, 24, 25 which have Na > 19 mmolar), three samples from the
Upper Irrawaddy (ARW20 which has Na and Cl a factor of 10 and Sr a
factor of 5 greater than the seasonal trend, ARW24 and 28 which have
Cl a factor of 4 greater than the seasonal trend), two from the Chindwin
(MNY 27, 32 which have Cl a factor of 2 greater than the seasonal trend)
and three from the Lower Irrawaddy (HTD 19, 21, 24 which have Cl a
factor of 5 to 30 greater than the seasonal trend and low or negative cal-
culated HCO3'). These samples have not been included in the following
calculations and discussion. Since sampling was often under less than
ideal conditions it is likely the high Na and Cl resulted from contamina-
tion. Although evaporite deposits or saline brine inputs might impact
some of the tributary sample sites, sudden order of magnitude changes

in concentrations in the fortnightly samples at the fixed time series
collection points in large rivers seem unlikely to be due to changes
in water sources. The changes could conceivably reflect run-off
from fertilised agricultural land or other anthropogenic additions. It
is interesting to note that the single previously published concentra-
tion for Na in the Irrawaddy of 1304 umole/l (Meybeck and Ragu,
1996) is considerably higher than the discharge-weighted mean
of our time series at the Lower Irrawaddy of 276 pumol/l with a
range of 174-516 umol/l Na (uncorrected values). The Upper Irrawaddy
gives a lower discharge-weighted mean Na concentration of 108 pumol/I
Na (range 56-421 pmol/l). The time-series samples from the Chindwin
have a discharge-weighted mean Na concentration of 360 pmol/l Na
with a range from 229 to a few values as high as 1429 umol/I
during the low flow of January-February. The Salween time series
has a discharge-weighted mean Na concentration of 157 (range
81-320) pumol/l which is comparable to the analysis of the Salween
of 435 pmol/I published in Meybeck and Ragu (1996), and quoted
in Gaillardet et al. (1999) but the Cl concentration of 571 pmol/l
quoted by Meybeck and Ragu is over an order of magnitude higher
than the discharge-weighted mean Cl of 33 pmol/l (range 3 to
102 pmol/1) in the time-series set. The tributaries to the Irrawaddy, col-
lected during the late monsoon, have lower Na and Cl concentrations
than the mainstem with the few higher values in samples collected
from shallower streams flowing close to settlements.

6. Correction for cyclic inputs

To investigate weathering fluxes it is necessary to correct the water
elemental concentrations for effects of any input from rain, windborne
salt, evaporites and hot springs. The compositions of the water samples
are corrected for cyclic inputs based on the conservative behaviour of
chlorine. A sample of rain (RA1) collected by the Department of Meteo-
rology and Hydrology in August 2007 at a time of high precipitation
gave cation and anion concentrations in the same range as rain and
snow in the Himalayas but rather lower than rain collected in the
Ganges plains which is presumed concentrated by evapotranspiration
(Galy and France-Lanord, 1999). The sample (RA1) has a low Na/Cl of
0.51 with 4.5 umol/I Cl. However the low sodium concentration in
Yangon may not reflect the nationwide aerosol Na/Cl ratio. The compo-
sition of the rain involves contributions from windborne oceanic salt
and carbonate and silicate dust as well as the effects of evapotranspira-
tion and is likely to exhibit significant temporal and spatial variations
(Krishnamurthy and Bhattacharya, 1991; Alford, 1992; Galy and
France-Lanord, 1999; Bickle et al., 2005). All data are corrected for cyclic
inputs assuming the rain contains 28 pmolar Cl with Na/Cl = 0.87,
Ca/Na = 0.02 and Mg/Na = 0.11, the values of mean ocean water and
natural salt compositions. The remaining Cl is assumed to be derived
from evaporite sources and the cation concentrations are corrected
using the mean evaporite compositions compiled by Gaillardet et al.
(1999) with Na/Cl = 0.84, Ca/Na = 0.19 and Mg/Na = 0.025 and
Sr/Cl = 1.31 x 10~ 3. The correction for Na is on average 20% of sample
concentration. For a subset of samples from Monywa on the Chindwin
tributary with higher Cl concentrations, the Na correction averages
33%. Corrections for the other cations are much smaller.

7. Averaging, interpolation and calculation of uncertainties

Monthly averages of the river samples corrected for cyclic inputs,
calculated from the data which spans the years 2004 to 2007, illustrate
the seasonal variability of the weathering chemistries while smoothing
short timescale variability and allow calculation of the mean annual
chemical fluxes (Fig. 4). The water sampling at two-week intervals
over the period 2004-2007 has significant gaps, most notably there
were no usable samples collected in either April or July on the Lower
Irrawaddy and Chindwin, July and August on the Salween, and July on
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in text.

the Upper Irrawaddy. In order to calculate annual fluxes, values have
been interpolated between adjacent months where data is missing.

Uncertainties (one standard error on mean) have been calculated for
all the months with 3 or more samples. The uncertainties on the months
with one or two samples have been derived by first calculating the
mean fractional standard deviation (0j) for all the months with 3 or
more samples as

2 i
Of=—p—<— 1
( ni_1>
i

where 0; is standard deviation of the n; samples in month ‘7', mean con-
centration, X;. It is then assumed that oy is the uncertainty on months

with one sample or months without analyses and o/ /2 is the uncer-
tainty on the mean concentration for months with two samples (Fig. 4).

8. Variation in concentration with time of year

The significant changes in river flow throughout each year due to the
monsoon climate experienced by this region have a major effect on ele-
mental concentrations in each river. Water flow is significantly higher
during the monsoon, which although variable in date from year to
year, starts around June and extends until the end of October. The
monthly precipitation at Yangon and Mandalay is shown in Fig. 5
(New et al,, 2002).

In the Irrawaddy, monsoon rains increase discharge by a factor of ~7
from an average of ~12 km>?/month in the dry months (November to
April) to ~89 km3/month in August at the height of the monsoon
(Robinson et al., 2007). Fig. 4 illustrates that the corresponding dilution
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Fig. 5. Average monthly precipitation at Yangon & Mandalay after New et al. (2002).

in the elemental concentrations is damped with a factor of 2 to 3 decrease
in Na, Ca, Mg and Sr, a factor of 1.5 decrease in Si but virtually no change
in K concentrations during the monsoon. The Upper Irrawaddy and the
Chindwin exhibit similar decreases in concentrations. The Salween
exhibits more muted dilutions with Na decreasing by a factor of 2, Ca,
Mg, K and Sr decreasing by factors between 1.2 and 1.4, and Si showing
a minor reduction. The Salween also contains twice the Ca content
with average 832 umol/l Ca compared to 370 pmol/I Ca for the Lower
Irrawaddy. The Upper Irrawaddy (ARW) and the Salween (THN) have
lower chlorine contents concomitant with lower evapotranspiration at
their higher altitudes and locations.

All the sample suites exhibit a similar hysteresis in the variation of
cation concentrations with discharge. Fig. 6a illustrates Ca and Sr con-
centrations versus discharge (Q) for the Lower Irrawaddy. This exhibits
high concentrations during the low flow months November to April, a
decrease in concentrations as discharge increases through May and
June, but then a small increase in concentrations during the high dis-
charge months of July to October. Fig. 6b, which illustrates the variations
in 1000 x Sr/Ca (hereafter written as Sr/Ca) and Na/Ca ratios with dis-
charge, shows that the ratios increase during the low discharge months
from November to May but then decrease through June to the highest
discharge months of July to September. These mismatches between
concentrations, element ratios and discharge imply seasonal changes
in the relative contributions from differing sources and/or changes in
weathering mechanisms (cf. Anderson et al., 1997; Tipper et al., 2006).

9. Weathering inputs

Calcium concentrations decrease less during the monsoon than sodi-
um, magnesium and strontium (Figs. 4 & 7). The changes in chemistry in
these large catchments may either reflect changes in the relative inputs
from different parts of the catchments, different proportions of water
sources (eg. shallow to deep groundwaters) or changes in weathering
mechanisms. The decrease in Na/Ca, Sr/Ca and Mg/Ca ratios is consistent
with greater inputs from carbonates during the monsoon. However
Si/Ca ratios only decrease during the monsoon in the Upper Irrawaddy
at Myitkyina. It is possible that Si in the Chindwin and the Salween is
buffered by variable biological uptake or release, by release of adsorbed
Si on iron oxy-hydroxide minerals or more complex precipitation/
dissolution reactions with silicate minerals (Fontorbe et al., 2013).

Similar changes in the relative inputs from silicate and carbonate
minerals have been observed in a number of Himalayan catchments
and Taiwanese rivers (Tipper et al., 2006; Calmels et al., 2011) and
these have been attributed to a greater contribution of deeper ground-
waters at times of low flow contrasting with rapid runoff of surface wa-
ters and shallow groundwaters at times of high flow. The rapid runoffis
thought to have a relatively high carbonate contribution, reflecting the
much more rapid dissolution kinetics of carbonate and the shorter
water residence time in the weathering zone, whereas deeper ground-
waters become more enriched in silicate-derived components. Tipper
et al. (2006) and Calmels et al. (2011), following Galy and France-
Lanord (1999), Jacobson et al. (2002) and (Bickle et al., 2005), argue
that the Himalayan and Taiwanese waters have lost a significant frac-
tion (up to ~70%) of their Ca to precipitation of secondary calcite. The
high 1000 x Sr/Ca molar ratios (1.5 to 2.2) for the carbonate inputs to
the Irrawaddy and Chindwin inferred from extrapolation of the correla-
tions on a plot of Sr/Ca versus Na/Ca (Fig. 8—see also Bickle et al., 2005)
are much higher than the Sr/Ca ratios of most carbonate rocks which are
less than 1.0 (Jacobson et al., 2002; Bickle et al., 2005) and imply compa-
rable magnitudes of precipitation of secondary calcite. The Salween has
a much lower Sr/Ca intercept (~0.6) and lower Sr/Ca ratios (Fig. 8a); the
contrasting controls on its water chemistry are discussed further below.
The Lower Irrawaddy samples from Hinthada plot between the up-
stream samples of the Irrawaddy at Myitkyina, which have a similar
range in Na/Ca, the Irrawaddy floodplain tributaries, most of which
have higher Na/Ca and the Chindwin samples which plot at slightly
higher Sr/Ca over a similar range of Na/Ca (Fig. 8b). The four most north-
ern floodplain samples collected from tributaries which rise in the Shan-
Thai plateau and Mogok metamorphic belt have low Na/Ca and Sr/Ca in-
dicative of carbonate inputs. Two of these samples have elevated
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87Sr/86Sr ratios expected from the older rocks in the Mogok metamor-
phic belt. The other tributaries and the Chindwin samples have a similar
range of relatively low 87Sr/35Sr ratios consistent with the young, arc de-
rived sediments of the Indo-Burman ranges (Fig. 9d). One floodplain
tributary, which rises near the volcanic centre Mt Popa has a very low
87Sr/%6Sr ratio of ~0.705.

The secular variations in Sr-isotopic composition for the Lower
Irrawaddy and Chindwin sample sites are broadly consistent with the

changes in elemental ratios. The marked drops in 8/Sr/%%Sr over the
monsoon are attributed to an increased contribution of Sr from carbon-
ate with low 87Sr/85Sr ratios (Fig. 9a). The Upper Irrawaddy exhibits a
marked increase in 87Sr/%5Sr ratios from January to June while the
Sr/Ca and Na/Ca ratios fall (Fig. 7) indicative of an increased fraction of
these ions from weathering of carbonate. It is probable that this reflects
changing inputs from the contrasting geological terrains drained by this
river with rainfall patterns shifting to the north-east prior to the
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Chaungmagyi River which drains the Mogok metamorphic rocks.

monsoon causing increasing inputs from the older rocks of the
Asian plate. The Palaeozoic rocks of the Asian plate and the Mogok
Metamorphic Belt to the east have higher 7Sr/25Sr ratios than the youn-
ger accretionary complex Indo-Burman Ranges to the west which is
reflected in the higher 7Sr/%5Sr ratios in the Upper Irrawaddy time-
series set (0.7128 to 0.7176) compared with the Chindwin (0.7085 to
0.7095) which only drains the Indo-Burman Ranges (Fig. 3). The Asian
plate rocks are heterogeneous with some Cretaceous igneous volcanics
and intrusions exhibiting low initial Sr isotopic ratios (I-type granitoids
0.7058 - 0.7063 and S-type granodiorites 0.7126 - 0.7158, Darbyshire
and Swainbank, 1988). However much of the terrain is older basement
with higher 87Sr/%5Sr ratios such as from Yezin Dam at 0.747 in the Shan
Scarp region and similar for the Sungei Makaung rhyolite with 37Sr/365r
ratios of 0.746 in the Central Valley (Darbyshire and Swainbank, 1988;
see also Mitchell et al., 2012). Radiogenic inputs from these terrains
are confirmed with an 87Sr/%Sr ratio of 0.7238 in sample RA30 from a
tributary north of Mandalay.

The Salween, by contrast, exhibits an increase in 87Sr/25Sr ratios over
the monsoon while Na/Ca and Sr/Ca ratios decrease (Figs. 8 & 9b). This is
likely to be due to increased inputs from Tibet and the Himalayas as the
rains penetrate north at the height of the monsoon. The Sr-isotopic
composition of the Salween in Tibet was measured in September
2003 at 0.71274 (Tipper et al,, 2010). However the Sr inputs from rivers
draining Himalayan metamorphic rocks are markedly more radiogenic
and by analogy with the other rivers draining the Himalayas and Tibet

(e.g. Harris et al., 1998; Galy and France-Lanord, 1999; Bickle et al.,
2003), these inputs would be characterised by both a dominant contri-
bution from carbonate minerals and 87Sr/%5Sr ratios as high as 0.74. The
samples from the Salween and Upper Irrawaddy, averaged by month,
exhibit good positive correlations on a plot of 87Sr/%6Sr versus 1/Sr
(Fig. 9c) normally interpreted to represent mixing between a low
875r/88sr, high Sr (ie low 1/Sr) carbonate component and a high
87Sr/86Sr, low Sr silicate component. Here the correlations may reflect
mixing between a component from the lower reaches of the river
with lower 87Sr/85Sr but high Sr at times of low flow dominant during
the winter and a higher 87Sr/26Sr component supplied by the high
87Sr/%5Sr ratio Himalayan carbonates but at low Sr concentrations
diluted by the high flow during the summer.

10. Chemical fluxes delivered by the Irrawaddy and the Salween

The chemical weathering fluxes from the Lower Irrawaddy, the
Chindwin, the Upper Irrawaddy and the Salween, corrected for cyclic
inputs, have been calculated from the monthly averaged chemical
data and uncertainties, interpolated where necessary. Monthly water
discharge for the downstream Irrawaddy site at Hinthada have been
taken as the mean of the 10 or 11 years sampling between 1869 and
1879 by Gordon (1879-1880) at Pyay, 130 km upstream of Hinthada,
published and corrected by Robinson et al. (2007). Discharge for the
Upper Irrawaddy site at Myitkyina, the Chindwin and the Salween
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have been taken from the monthly water flux data for 2004 published
by the Dept. Hydrology and Meteorology, Rangoon (see supplementary
data, Table S2). Discharge data for the Salween at Hpa-An is only avail-
able for the months of May to October in 2004, measured by the Depart-
ment of Hydrology and Meteorology, Rangoon. The values for the
remaining months have been calculated by assuming that their cumu-
late discharge is the difference between the 2004 May to October dis-
charge and the annual discharge of 211 km?/yr quoted by Meybeck
and Ragu (1996). This discharge is apportioned to the months January
to March and November and December in the same proportions as the
mean monthly discharge in the Irrawaddy at Pyay. The monthly 2004
water flux data at Hinthada (Dept. Hydrology and Meteorology,
Rangoon) differs by between 2 and 50% from the 10/11 year averages
of Robinson et al. (2007) with the largest discrepancies in April, May
and November. These differences are within the expected variability
from the 10 or 11 year sampling of the Gordon data.

The cation fluxes are illustrated in Fig. 10. The 10 uncertainties on
the monthly fluxes (supplementary data Table S2) have been calculated
by combining the uncertainties on the mean monthly concentrations
discussed above and the standard deviations of the monthly discharge
data calculated from the 10 or 11 year sampling by Gordon, assuming
that the chemistry and discharge are uncorrelated. Where chemical
data is averaged over months from two or three years the uncertainty
on the monthly discharge is taken as the standard deviation for that
month divided by v/2 or v/3. It is assumed that the uncertainties on
the monthly fluxes on the Upper Irrawaddy, the Chindwin and the
Salween are the same as those calculated for the Irrawaddy at Pyay
from Gordon's data. The 10 uncertainties on the annual fluxes (Fig. 10,
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Table S2) have been calculated by a Monte Carlo routine which takes
into account the uncertainties on the monthly average chemical con-
centrations and the monthly discharge data. The Sr flux-weighted
mean annual Sr-isotopic composition and uncertainty are calculated
by the same programme.

The five monsoon months (June to October) dominate the chemical
fluxes contributing between 70% and 80% of the elemental fluxes in the
Irrawaddy sample sites and between 45% and 54% of the elemental
fluxes in the Salween. The Chindwin and the Upper Irrawaddy together
contribute 85% of the water flux and between 60% and 70% of the ele-
mental fluxes of the downstream sample site at Hinthada. Si is an excep-
tion, showing a decrease reinforcing the conclusion that Si behaviour is
non-conservative, plausibly related to biological uptake.

11. Ratio of silicate to carbonate inputs

It is the silicate-derived cation fluxes that impact long-term climate.
Discriminating the fractions of Ca and Mg derived from silicate minerals
from the much larger components derived from carbonate minerals is
problematic. Here we calculate silicate derived Ca and Mg using a
forward model based on the estimated end member Ca/Na and Mg/Na
ratios in silicate rocks from Gaillardet et al. (1999) of Ca/Na*
0.35 4+ 0.15 and Mg/Na* = 0.24 + 0.12, where Na* is the value
corrected for saline inputs (see review of methods by Moon et al.,
2014). The comparison of the silicate-derived cations in the Irrawaddy
and Salween to global fluxes is restricted to the Ca and Mg components
because magnitude of reverse weathering and thus the fate of alkalinity
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Fig. 10. Ca, Mg, Na and Si monthly fluxes in the Irrawaddy at Hinthada, Irrawaddy at Myitkyina, Salween at Hpa-An and the Chindwin at Monya. Error bars are the combined uncertainty
from 1 standard error on the concentration mean of samples included in the monthly average or estimated from the mean error from months with more than two samples (see text and

Eq. 1) and the uncertainty in the monthly discharge fluxes as discussed in the text.
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associated with Na and K in the ocean is uncertain (e.g. Michalopoulos
and Aller, 1995).

The dissolved Ca plus Mg load from the Irrawaddy River, (Upper,
Lower and the Chindwin Tributary), is close to 80% carbonate-derived
and 20% silicate-derived whilst the Salween has a higher carbonate in-
fluence with up to 94% of the Ca plus Mg derived from carbonate and
only 6% from silicate rocks (Table 1).

The monthly average Chindwin samples exhibit a good correlation
between the 37Sr/%5Sr ratios and the percentage of Ca derived from sili-
cates (Fig. 11a) consistent with the expected higher 87Sr/%5Sr ratio of
silicates compared to carbonates and the correlation with Na/Ca ratios
discussed above. The Upper Irrawaddy is more variable (Fig. 11b) prob-
ably reflecting temporal changes in inputs from the higher 87Sr/%°Sr
ratio metamorphic rocks of the Moguk belt and Asian plate and lower
87Sr/85Sr ratio rocks of the western Indo-Burman Ranges. The Irrawaddy
at Hinthada exhibits a poor positive correlation between the 87Sr/86sr
ratios and the percentage of Ca derived from silicates and 87Sr/26Sr
ratios intermediate between those of the Chindwin and the Upper
Irrawaddy sample set consistent with being a mixture of the two
(Fig. 11a). The Salween River exhibits a negative correlation (Fig. 11b)
as expected from the negative correlation between 87Sr/%6Sr ratios and
Ca/Na discussed above and thought to reflect inputs dominated by the
Himalayas at high flow during the monsoon and by the lower reaches
during the winter.

12. Riverine chemical weathering fluxes from
Himalayan-Tibetan orogen

Water discharge from the Irrawaddy and Salween total 633 km>/yr
which is about 20% of the overall water discharge from the Himalayan-
Tibetan orogeny (Table 1). The catchment area of the Irrawaddy covers
0.3%, and the Salween 0.2%, of global continental area and combined,
they comprise about 10% of catchment areas of the main rivers draining
the Himalayan-Tibetan orogen.

These values compare with the Ganges which drains an area equal to
the [rrawaddy and Salween combined (0.7% of continental area) but has
a lower discharge (380 km?/yr, 1.0% of global). The Brahmaputra also
has a comparable discharge (690 km?/yr, 1.8% of global) but from only
0.4% of global continental area.

The bicarbonate flux associated with cations derived from silicate
minerals is important for its control on climate change. Mg is quantita-
tively exchanged for Ca in the oceanic crust and the fractions of Ca and
Mg derived from bicarbonate weathering of silicate minerals contribute

to removal of CO, from the atmosphere deposited as limestone in the
oceans. The fate of Na and K is less certain with some exchanged for
Ca in the oceanic crust and some lost to reverse weathering with the
CO,, returned to the atmosphere (e.g. Michalopoulos and Aller, 1995).
We therefore compare the annual silicate-derived Ca + Mg flux from
the Irrawaddy and Salween and from the whole area of the Himalayan-
Tibetan orogeny with the global silicate-derived Ca + Mg flux calculat-
ed from the compilation of Gaillardet et al. (1999), given the revisions
and additions to rivers draining the Himalayan-Tibetan region detailed
in Table 1. The annual Ca + Mg flux derived from silicates previously
calculated for the Irrawaddy appears unreliable as the discharge-
weighted mean Na of the data here (276 pmol/l) is only 20% of the
value of 1304 pmolar quoted by Meybeck and Ragu (1996). The fluxes
of Ca + Mg derived from silicate minerals for the Irrawaddy and
Salween of 5.1 x 10'° and 1.6 x 10'° mol/yr give global contributions
of 2.5% and 0.8% respectively (Table 1). This major contribution is com-
parable to 2.0% from the Ganges and 1.4% from the Brahmaputra.

Based on 60 major rivers in the world, weathering of silicate min-
erals supplies about 2046 x 10° mol/yr of Ca + Mg (using data from
Gaillardet et al., 1999), and our revised flux from the rivers draining
the Himalayan-Tibetan orogeny (Table 1, see also supplementary infor-
mation Table S3) is 283 x 10° mol/yr, or about 14% of the total. This 14%
is derived from only 4.8% of global continental area, emphasising the
significance of silicate weathering resulting from the Himalayan-
Tibetan orogeny.

These current estimates of the silicate weathering are still subject
to a number of important uncertainties. Time series sampling helps
overcome variations of river discharge as shown by the revision of the
Irrawaddy dissolved discharge in this paper. Increasing sampling of
small rivers from volcanic arcs and basaltic oceanic islands, as discussed
by Dessert et al. (2003), will lead to better estimates of the poorly sam-
pled volcanic inputs. The partition of the riverine chemical fluxes to the
silicate, carbonate, evaporite and rain-derived fractions is still the most
problematic aspect of the calculations (e.g. Bickle et al., 2015). Further in
the Irrawaddy and Salween 31% and 24% of the anion charge are sup-
plied by sulphate and it is likely that much of this is supplied by oxida-
tion of pyrite which is important in rapidly eroding catchments (c.f.
Turchyn et al., 2013; Torres et al., 2014).

13. Strontium signatures of Himalayan-Tibetan Rivers

The Irrawaddy supplies 1.6% and the Salween 1.0% of the global dis-
solved riverine Sr flux to the oceans and the two rivers contribute ~12%

Table 1
Silicate Ca plus Mg, Sr and 37Sr fluxes from rivers draining the Himalayan-Tibetan region.
Area Catchment Discharge Discharge Silicate Ca + Silicate Ca + Sr % of 87Sre %
10° km? area % land km? yr—! % global'® Mg flux x 10° mol/yr'! Mg flux % of global global of global'?
Chang Jiang' 1.81 1.22 900 24 20-54 1.8 10.6 42
Brahmaputra? 0.58 0.39 690 1.8 16-43 14 1.6 8.3
Ganges® 1.05 0.71 380 1.0 22-58 2.0 1.6 7.6
Irrawaddy* 0.41 0.28 422 1.1 28-74 2.5 1.6 0.5
Salween* 0.33 0.22 211 0.6 9-23 0.8 1.0 13
Mekong® 0.80 0.54 425 1.1 8-20 0.7 0.9 1.0
Indus® 0.92 0.62 90 0.2 17-46 1.5 1.1 0.8
Huang He’ 0.75 0.51 51 0.1 10-27 0.9 29 1.6
Hong He® 0.12 0.08 123 0.3 3-7 0.2 0.5 0.3
Pearl® 0.42 0.28 285 0.8 17-45 1.5 1.0 0.7
Total 7171 4.8 3576 9.6 148-398 7-20 23 26

Data sources: 1) Chen et al. (2002) except Sr and 87Sr/%°Sr average of data in Gaillardet et al. (1999) and Wang et al. (2007), 2) data from Galy and France-Lanord (1999) and Galy et al.
(1999), Sarin et al. (1989), Krishnaswami et al. (1992) and Singh et al. (2005), 3) data from Galy and France-Lanord (1999) and Galy et al. (1999), Sarin et al. (1989), Krishnaswami et al.
(1992), 4) this paper (supplementary data, Table S1), 5) average of samples collected for this study (supplementary data, Table S1), daily discharge weighted average of monthly samples
over 1961 and 1962 by Meybeck and Carbonnel (1975) and arithmetic average of monthly sampling between 1972 and 1998 by Li et al. (2014). Sr and 87Sr/®5Sr ratio this study (Table S1),
6) Gaillardet et al. (1999), 7) Chen et al. (2005) using pre-regulated discharge weighted chemistry (Table 6), 8) summer and winter concentrations weighted by summer and winter
discharges from Moon et al. (2007), 9) arithmetic average of sampling between 1958 and 2002 from Zhang et al. (2007), 10) discharge from GRDC database (http://www.bafg.de/
GRDC/EN/Home/homepage_node.html) except Irrawaddy and Salween from Robinson et al. (2007), Huang He from Chen et al. (2005) and Pearl from Zhang et al. (2008). 11) Range
calculated for assumed silicate Ca/Na ratios of 0.2 to 0.5. 12) %%7Sr. is percentage of 37Sr flux with 87Sr/%®Sr ratio in excess of modern seawater which gives the relative forcing on changes

in ocean 87Sr/%5Sr ratios (see text and Bickle et al., 2005).
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Fig. 11. (a) 87Sr/2%Sr ratios versus percentage of silicate-derived Ca from the Irrawaddy at Hinthada, and Chindwin at Monya and (b) the Salween at Hpa-An, and Irrawaddy at Myitkyina.
Percentage of silicate-derived Ca is calculated by assuming a silicate Na/Ca ratio of 0.35 where Na is that corrected for rain and evaporate inputs as discussed in text. Poor positive corre-
lations for [rrawaddy at Hinthada, and Chindwin at Monya probably reflect an increased proportion of silicate dissolution in the dry season. Scatter exhibited by the Irrawaddy at Myitkyina
and the good negative correlation exhibited by the Salween at Hpa-An probably reflect increased inputs of higher 87Sr/2°Sr ratio carbonates from the metamorphic rocks to the east and

north during the monsoon.

of the Sr discharge from the Himalayan-Tibetan region (Table 1). The
discharge-weighted mean Sr-isotopic composition of the Irrawaddy at
0.71024 + 5 is lower, and the Salween at 0.71466 + 6 (supplementary
data Table S2) is only slightly higher than estimates of the average
discharge-weighted mean global river 87Sr/%Sr ratio. The data in
Gaillardet et al. (1999) combined with the revised values in Table 1
give a mean global riverine 37Sr/35Sr ratio of 0.7127, whereas Peucker-
Ehrenbrink et al. (2010) used relationships between bed-rock age and
dissolved 37Sr/26Sr ratios to estimate a mean global riverine &7Sr/%6sr
ratio of 0.711. Despite their relatively large Sr-fluxes, the Irrawaddy
and Salween only contribute 1.3% of the riverine forcing of oceanic
87Sr/85Sr ratios, compared to the 16% from the Ganges and Brahmaputra.
The riverine forcing on oceanic 37Sr/%6Sr ratios is calculated as the
STausX(87Sr/28Sr iver-0.709). The fraction of the high 87Sr/%6Sr ratios of
the Ganges and Brahmaputra, and by analogy the Salween, supplied by
carbonate minerals with their 8’Sr/%°Sr ratios elevated by metamorphic
exchange in the Himalayas is still uncertain (cf. Galy et al., 1999; Bickle
et al., 2005).

14. Conclusions

This study has determined the chemical and Sr-isotopic fluxes
carried by the Irrawaddy and Salween Rivers from the first set of
four time series collected from these two major Asian rivers in the
Himalayan-Tibetan region.

Both rivers exhibit seasonal variations in the ratio of carbonate to
silicate weathering with more carbonate weathering taking place
during the monsoon. The Irrawaddy and its tributary the Chindwin
exhibit lower 87Sr/2%Sr and Na/Ca ratios during and immediately post-
monsoon, interpreted to reflect higher weathering of carbonate at
times of high flow.

The Salween exhibits higher 7Sr/26Sr ratios with lower Na/Ca ratios
during the monsoon, interpreted to reflect higher inputs from the upper
parts of the catchment in the Himalayas, where metamorphic carbon-
ates are exposed. The Irrawaddy and Salween have 87Sr/25Sr ratios sim-
ilar to other major rivers draining the Eastern Himalaya-Tibetan
mountain range, which provide over a quarter of the 8’Sr/%6Sr flux
maintaining the high modern ocean 87Sr/25Sr ratio.

The discharge-weighted mean 87Sr/35Sr ratio for the Irrawaddy is
0.71024 + 5 and the Salween is 0.71466 + 6 close to their entry to
the Andaman Sea. These rivers contribute a significant contribution to
the global silicate weathering flux. The Irrawaddy and Salween carry
about 3.3% of the global silicate weathering flux and 2.6% of the global

riverine Sr flux. The Himalaya-Tibet catchment area covers just 4.8%
of the total global area and the major rivers draining this area release
9.6% of global river discharge. The weathering fluxes from the rivers
draining the Himalayan-Tibetan region are enhanced to deliver about
14% of the total Ca + Mg flux derived from silicates and 23% of the global
riverine Sr flux. These fluxes are three to four times the output from the
average continental area.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.02.012.
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