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Abstract

The weathering of carbonate rocks with sulfuric acid releases carbon dioxide (CO;) to the atmosphere, offsetting the CO,
drawdown from carbonic acid weathering of silicates thought to regulate global climate. Quantifying CO, release from sulfuric acid
weathering requires the partitioning of riverine sulfate between its two main sources: sedimentary sulfate and sulfide. Although
the sulfur (6°*Sso,) and oxygen (6'¥Osp, ) isotope ratios of sedimentary sulfates (gypsum and anhydrite) of different ages are well
constrained, the 6°*S of sulfide minerals is highly variable, restricting the utility of 6°*S for partitioning sulfur sources. Here, we use
oxygen isotope ratios in the river water (& 18OHZO) and sulfate molecules (6 ‘80504) to partition the fraction of sulfate and associated
uncertainty delivered by the oxidative weathering of pyrite ( f,y,). The partitioning is illustrated using the Mekong River, one of the
world’s largest river basins, presenting new ¢ 180504, 0 180H20 and 6348504 data collected on 18 tributaries and 6 main stem sites
over two field seasons at peak flux. The geological, geomorphological and climatic diversity of the Mekong River Basin make it
an ideal field site to quantify the role of sulfuric acid weathering and its implications for the carbon cycle. There is a 12% range in
both the difference between 6'80sp, and 6'80y,0 (A'®Os0,-1,0) and 6**S in the river waters of the basin. In the Mekong tributaries,
sources of sulfate are highly variable with the fraction of sulfate derived from pyrite oxidation (fpy,) ranging from 0.19 to 0.84. In
the mainstem, fp,, reflects the flux-weighted mean of these tributary inputs, with 56+£7% (10) of the sulfate delivered to the ocean
at the Mekong mouth being derived from the oxidative weathering of pyrite. As a result, we estimate that ~70% of CO, consumed
through silicate weathering in the Mekong basin is offset by the release of CO, via the dissolution of carbonates by sulfuric acid.

Keywords: sulfuric acid, pyrite oxidation, Mekong, oxygen isotopes, CO; release, chemical weathering

1. Introduction + oxidation may release more CO, than is consumed via silicate
s weathering with carbonic acid (e.g., Calmels et al., 2007; Torres

Chemical weathering by carbonic ’acid. is a major negaFive s etal.,2016). However, quantifying the oxidative weathering of
feedback thought to regulate Earth’s climate over geological | pyrite has proved challenging. This is because in large mixed

time (Walker et ‘.’l". 1981)' However, th?,re reltmain a number lithology basins, not all riverine dissolved sulfate (SO2") is
of major uncertainties in both the quantification of chemical | fom the oxidative weathering of pyrite, but rather is derived

weathering fluxes, their impact on atmospheric carbon dioxide,
COx(g), and thus their impact on global climate. One process
that may have an important impact on the calculation of
chemical weathering fluxes is the weathering of carbonate rocks
with sulfuric acid (H,SO4), predominantly derived from the
oxidation of sedimentary pyrite (FeS,, e.g., Francois & Walker, "
1992; Torres et al., 2014). This releases geologically stored
carbon into the atmosphere as CO,(g) by the following reaction
(e.g., Spence & Telmer, 2005; Calmels et al., 2007):

18

19

H,S0, + CaCO3; = CO,(g) + H,0 + Ca®* + S0~ (1)
20

Recent work has revealed that in several of the world’s largest *

river basins, weathering of carbonate minerals driven by pyrite *
23

24
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from multiple sources such as gypsum (CaSO4-2H,0) and
anhydrite (CaSOy) dissolution, atmospheric, and anthropogenic
inputs (Robinson & Bottrell, 1997; Canfield, 2004). The supply
of SO?“ from gypsum and anhydrite does not form sulfuric
acid driving further mineral dissolution and therefore does not
influence the carbon cycle. In contrast, the oxidation of pyrite
and dissolution of atmospheric sulfur dioxide deliver SO%‘ to
the critical zone through the dissociation of sulfuric acid, which
releases geologically stored CO, when it reacts with carbonate
minerals (Eqn. 1). Moreover, anthropogenic exacerbation of
reaction 1 through the burning of sulfurous coal, causing acid
rain has been widely recorded in North America, China, and
northern Europe (Menz & Seip, 2004; Li et al., 2008; Li & i,
2016). Quantifying sulfuric acid weathering at a global scale
is therefore critical, both in the context of understanding the
natural silicate weathering-climate feedback, and in predicting
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Figure 1: A) Global river waters form a mixing array in 548, AISOSO4—H20 n

() 18OSO4 relative to local meteoric water & 18OH20) space, between two distinct 72
end members: evaporites and sedimentary sulfides (specifically the oxidative 73
weathering of pyrite). Sedimentary sulfide A180504_H20 illustrated for a range ,
from 2.9%o (for anaerobically oxidised pyrite) to 6.2%o (for a maximum of 17%

atmospheric Oy at 23%o incorporation during aerobic oxidative weathering of &
pyrite). Evaporite A'80gq ,—H,0 varies, depending on sedimentary deposit age, 76
from 19%o to 27%o (Claypool et al., 1980). End-members are relative to the 7
average of the river water § 1801-120 value of -9.1%o. B) Global rivers span a 78
large range of 6345504, however there is overlap between the many sources of ,

sulfur (sources of data given in SI 1). °

80

81

82

the impact of additional anthropogenically sourced sulfuric g
acid. 8
Several methods have been proposed to track the origin es
of riverine dissolved SOZ‘, including the ratio of SOi_ 1O 85
bicarbonate (HCO3) coupled to stable carbon isotope ratios e
(6"3C, e.g., Spence & Telmer, 2005; Li et al., 2008), inverse e
methods based on rock ratios (e.g., Torres et al., 2016; Kemeny &
et al., 2021) and sulfur isotope ratios (6**Ssp,) sometimes g
coupled with the oxygen isotope ratio of the SO%‘ molecule o
(6180504, Calmels et al., 2007; Turchyn et al., 2013). 92
Sulfur isotope ratios of dissolved SO3~ (6**Sso,) reflect ss
the origin of the SOi‘ since there is minimal S-isotope e
fractionation between the sulfur mineral source and SO?“ %
(Claypool et al., 1980; Thode, 1991; Balci et al., 2007; Heidel o
& Tichomirowa, 2011).Since sedimentary sulfide and sulfate o
minerals have broadly differing 6°*S compositions (Fig. 1), the s
use of 6348504 to determine the source of riverine dissolved s
SOZ‘ is attractive because there is a large range of ca. 40%o100
in 6**Sso, in global rivers (Burke et al., 2018). However, theio
global variation in ¢**S signatures of pyrite is even greater,o
meaning that unless the local composition of pyrite is wellios
known (and is distinct from other local SOﬁ’ sources, Fig. 1B)1os
there is a large uncertainty in using 6**Ssp, to partitionios
dissolved SOi‘ between sources. The 6**S of pyrite is difficulties
to constrain in most river catchments because pyrite is one ofior

2

the most reactive mineral phases at Earth surface conditions
(Brantley er al., 2013) and is usually no longer present in
river sediments that are commonly used to provide an average
composition of the local catchment lithologies (Garzanti &
Resentini, 2016). Whilst the significance of pyrite weathering
has been demonstrated in small to medium catchments with
restricted SOﬁ‘ sources (e.g.; Spence & Telmer, 2005; Galy
& France-Lanord, 1999), an assessment of the significance of
sulfuric acid weathering has only been made for a handful of the
world’s largest rivers (e.g., Calmels et al., 2007; Torres et al.,
2016; Horan et al., 2019).

Oxygen isotope ratios offer a powerful tool to constrain the
origin of riverine SOi‘ because 6180504 is inherited from the
680 of the oxygen that was incorporated into the SO~ ion
at the time that the S-O bond was formed (Claypool et al.,
1980; van Everdingen & Krouse, 1985). Once formed, the
S-O bond is largely fixed at surface temperatures. Thus,
sulfide-derived SOZ‘ retains a §'%0 signature of meteoric
water and molecular O, from the critical zone, while the
oxygen in evaporite-derived SOi‘ retains the signature of the
seawater from the time of deposition (in addition to a small
degree of isotopic fractionation, Claypool et al., 1980; Strauss,
1997). Global rivers define a broad array between §**S and
6"80s0,, normalised to local meteoric water (A'®Osp, 1,0,
Fig. 1A,), suggesting a mixing trend between sulfate derived
from sedimentary sulfate and sulfide mineral sources.

In this contribution oxygen isotope ratios in water (6'80g,0)
and in the SOZ‘ ion (6180504), coupled to 6348504, are used to
partition the source of riverine SOﬁ‘. The (‘5180504 and 6345504
of sedimentary sulfate minerals are relatively well constrained
through geological time and show a narrow range, unlike
the 6**Sso, of pyrite (Claypool et al., 1980; Thode, 1991).
We argue that SOAZ( derived from the oxidative weathering
of pyrite has a §'%0go, predominantly reflecting local water
(6'0n,0) which can be determined at a catchment scale.
These constraints are used to partition the fraction of dissolved
SOi‘ derived from the oxidative weathering of pyrite, with
uncertainties estimated using a Monte-Carlo approach.

This method is applied to a new data-set from one of the
world’s largest river basins, the Mekong River in southeast
Asia, which drains a diverse set of lithologies (with sulfide
and sulfate rocks), topography, and climatic regimes. Whilst
the SO%’ concentration in the Mekong River is low compared
to many large rivers (mean value of ~90 umol/L compared
to ~118 umol/L in the Ganges, for example, Li ef al., 2014;
Bickle et al., 2018), the high water discharge in the Mekong
(470 km3/yr cf. the Ganges with 377 km?/yr) yields an
equivalent SO~ flux.

As such, the Mekong provides an ideal test basin to
determine the significance of pyrite weathering in a continental
scale catchment, with diverse mixtures of the two main riverine
SOi‘ sources, in contrast to the sulfide weathering-dominated
basins on which most previous work has focused, such as the
Mackenzie (Calmels et al., 2007), the Amazonian headwaters
(Torres et al., 2016) or the Himalayas (Turchyn et al., 2013).

We partition SOZ‘ in the Mekong between rain, pyrite and
gypsum inputs and provide an illustration of the implications
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for CO, consumption by silicate weathering on a previously
published estimate of CO, consumption in the Mekong River.
The results have clear implications for quantifying the carbon
budget of global river systems and the impact of silicate
weathering as a global climate moderator.

2. Materials and methods

2.1. Study area

The Mekong is the world’s tenth largest river in terms of
discharge (Dai & Trenberth, 2002), draining 795,000 km?,
passing though China, Myanmar, Laos, Thailand, Cambodia,
and Vietnam (Fig. 2A). The hydrograph has a single peak
flood pulse, typical of monsoonal rivers (Tipper et al., 2006)
and the climate is dominated by a wet season between June
and November when there is a 20-fold increase in discharge
(Mekong River Commission, 2016). The geology of the
Mekong basin (Fig. 2B) is complex, diverse and poorly
constrained (Chinese Academy of Geological Sciences, 1975;
Gupta & Liew, 2007). Global lithological models suggest
approximately 50% of the lithology is carbonate, mainly
located in northern China and Laos (Amiotte Suchet et al.,
2003).

The Mekong headwaters are on the Tibetan Plateau (up to
5000 m.a.s.l.) flowing through the Eastern Syntaxis of the
Himalaya, an area of steep topography, narrow gorges, and
rapid exhumation (Lang ef al., 2016). The headwaters drain
Palaeozoic—Triassic sedimentary rocks from the Qiangtang
Block and clastic sedimentary rocks from the Mesozoic
arc (Borges et al., 2008). Whilst evaporite, clastic, and
metamorphic rocks are present, carbonates dominate the Upper
Mekong bedrock (Gupta & Liew, 2007; Wu et al., 2008; Noh
et al., 2009; Jiang et al., 2017). After exiting the Eastern
Syntaxis, following a rapid decrease in altitude, the Mekong
follows a distinct geological boundary. On the east bank (Laos)
tributaries drain sheer—walled karst in the Annamite mountains
comprising Carboniferous—-Lower Permian Limestones and
Jurassic-Cretaceous sandstones (Kiernan, 2015; Ponta &re2
Aharon, 2014). Cretaceous intermediate-basic extrusive unitsies
are also found in northern Laos. On the west bank (Myanmar1ss
and Thailand), tributaries drain the Khorat Plateau whichres
exposes epi-continental sediments deposited in restricted basinsies
(Tabakh et al., 1998, 1999).The lithology comprises fluvialier
and lacustrine facies and an extensive Late Cretaceous—earlyes
Tertiary evaporite succession, known as the Maha Sarakhamues
Formation, formed by three major marine influx events (Tabakhio
et al., 1998, 1999). In the lower reaches of the Mekongm
there are Mesozoic-Neogene basalts and Quaternary alluviumiz
overlaying Jurassic and Triassic sedimentary units (Gupta &17s
Liew, 2007). The Tonle Kong tributary, which joins the
Mekong in northern Cambodia, flows over Proterozoic unitsis
and some small outcrops of Proterozoic granites (Chinesers
Academy of Geological Sciences, 1975). 177

178
2.2. Sample description 179

Mainstem and major tributaries of the Mekong river wereiso

sampled during the peak monsoon seasons of 2014, 2016,
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Figure 2: Maps of the Mekong river basin and its tributaries. A) Samples
collected from the main stem at 5 locations (pink triangles): Baoshan, Luang
Prabang, Vientiane, Pakse and Kratie and from 18 tributaries (coloured for
country location, see legend): Heihui (HHI), Mae Kok (KOK), Hueang
(HUA), Loei (LOE), Songkhram (SGK), Chi (CHI), Mun (MUN), Nam Ou
(NOU), Nam Khan (KHN), Nam Lik (LIK), Nam Ngiep (NGP), Nam Ngjum
(NGM), Nam Kading (KAD), Nam Hinboun (HIN), Xe Banghiang (BGH), Xe
Don (XDN), Tonle Kong (TLK), Tonle Srepok (TSP). Chiang Saen, Nakhon
Phanom, Khong Chiam are additional main stem sites where MRC data is
available (Mekong River Commission, 2016). B) Geological map of the
Mekong river basin, modified after Chinese Academy of Geological Sciences
(1975).

and 2017 (Fig. 2A). Rain-water samples were collected
when meteorological conditions permitted. Where possible,
instantaneous river discharge was measured by an acoustic
Doppler current profiler (ADCP, Rio Grande II (1200 kHz),
Teledyne Instruments) deployed from a moving boat. Surface
waters were collected from the centre of the main channel and
filtered within 6 hours through 142 mm 0.2 um PES filters
pre-cleaned by filtering 2.5 L of river water. Immediately
after filtering, a subset (~2 L) of each sample was loaded on
columns filled with 5 mL Dowex 1X8-200, 100-200 mesh,
anion exchange resin to obtain >800 ug SOﬁ’ needed for
6348504 and 6180504 analysis (Hindshaw et al., 2016). The
resin was pre-conditioned with 60 mL of 3M distilled HCI,
then 60 mL of 18.2 MQ H,O. The SOﬁ‘ was stored on the
resin and kept refrigerated until the time of sample preparation.
Samples for cation analysis were collected into acid-cleaned
HDPE bottles rinsed with filtered river water, then acidified
to pH < 2 using distilled HNO3;. A separate non-acidified
aliquot was collected for major anions and ¢'80y,o analysis
in 18.2 MQ H,;0-washed amber HDPE bottles. Total alkalinity
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was measured by Gran titration in the field with 0.05M HCl andzss
used to verify charge balance. 237

238

2.3. Major ion concentrations 239

Major cation and total sulfur dissolved concentrations were™’
measured by ICP-OES (Agilent 5100) at the Dept. Earth
Sciences, University of Cambridge calibrated against syntheticzs
standards spanning the concentration ranges of the samples
(Table 1). Analyses of external standard reference materials
SPS-SW2, SLRS-5 and SLRS-6 were within + 5% of certified2
values (n=137, SI 3). Anions (CI~, SOf[) were measured on2
a Thermo Dionex ICS-5000+ Ion Chromatograph. Repeated2ss
analyses of external standard LGC6025 River water were?#
within + 4% of certified values (n=85, SI 4). 247

248

2.4. S and O isotope analyses a9

Sulfate was eluted off the Dowex resin column withz:
20 mL 0.8M distilled HCI in a class 1000 clean laboratory,252
and mixed with BaCl, to precipitate barite (BaSO4). The
precipitate was subsequently cleaned with 6M HCI and rinsed253
three times with 18.2 MQ H,0. Other oxy-anions such as
nitrate have greatly different oxygen isotope compositions and**
can be a source of contamination during barite precipitation®®
(SI 2). To remove any impurities, the barite was dissolved®®
in 10 mL 0.05M diethylenetriaminepentaacetic acid (DTPA),*’
then slowly reprecipitated by lowering the solution pH to*®
3-4 (Bao, 2006). The barite was cleaned three times
with 182 MQ H,0O and dried at 70°C. The validation®°
of the purification methodology and theoretical effects of**
contamination are demonstrated in SI 2. 262

Stable isotope ratios §'®Ogso, and 6**Sgo, for dissolved™
SOZ’ were analysed using gas source isotope ratio mass®
spectrometers (GS-IRMS) in the Godwin Laboratory,*
University of Cambridge (Rennie & Turchyn, 2014). For*®
6"80s0, analysis, 180 ug of the barite was pyrolysed in a*’
thermal conversion element analyser (TC/EA) and passed via®™®
continuous He flow into a Thermo Delta V mass spectrometer®
via a ConFlo 3. The §'80s0, isotope measurements were™
calibrated to V-SMOW via the reference gas analysis. Samples®"
were run in quadruplicate and the data in Table 1 are an average®”
of these replicates. For 6°*Sgo, analysis, 400 ug of barite®”
was combusted in excess oxygen with vanadium pentoxide
in a Flash EA coupled via continuous flow and analysed by
a Thermo Delta V Mass spectrometer. Both 6348504 and?®®
6"%0s0, were normalised to NBS 127 (6**Sso, = 21.1%0,e%
6"%0s0, = 8.6%0), which were used to correct for machinezr
drift and absolute offset. The overall analytical precision wasezs
better than 0.3%0 1o for 6'¥0go, (n=22) and 0.09%¢ 1o forzze
6345504 (n=39). External standards IAEA SO-5 and TAEAzs
SO-6 were precise to within 0.13%q for §'Oso, (10, n=12) andzsr
0.19%q for §3**Sso, (1o, n=6). Two full replicates of the entirezs
method were made using OSIL IAPSO Atlantic Seawaterzss
resulting in values within error of standard seawater valuessss
(648 =20.94%0 + 0.09 10, 6'80s0, = 8.3%¢ + 0.2 10). 285

Cavity ring down mass spectrometry (Picarro L1102-i2ss
interfaced with a A0211 high-precision vaporizer) was usedzs

4

259

274

to determine 6130H20 (Turchyn et al., 2013). Samples were
calibrated against JRW, SPIT and BOTTY standards and results
are expressed relative to V-SMOW in parts per thousand.
Repeat measurements of the standards had a precision of
5'80m,0 = 0.1%0 20~ (n=28).

3. Results

Concentrations for selected elements, 6180H20, 6348504 and
6800, for selected samples are given in Table 1 with
additional major element data (e.g., tributaries and rain) in
Table S5. Discharge determined by ADCP are provided
for selected samples. Discharge increases consistently
downstream from ~1700 m3s~! in the northern most main
river sample, to > 35,000m3s~! at Kratie, close to the mouth
(Fig. 3A). Discharge was determined by ADCP for 4 of the
tributaries, and historical discharge data is available for 10
tributaries in addition to 6 sites on the main river (Mekong
River Commission, 2016).

3.1. Major solutes

The Mekong and its tributaries show a very wide range in SOi‘
concentrations from 4 to 705 umol/L, with an average mainstem
value of 129 ymol/L, 2.6 times more dilute than the global river
average (332 umol/L, Burke et al., 2018). Main channel SOi‘
concentrations decrease downstream from 705 to 39 pmol/L
as the discharge increases. Data from 2014, 2016 and 2017
are consistent with a historical data set from the Mekong
River Commission (1985-2000; Mekong River Commission,
2016; Li et al., 2014). Tributary concentrations are mainly
lower than the mainstem with two notable exceptions, the
Nam Lik and the Loei (Fig. 3B), similar to previously
published values (Wu et al., 2008; Noh et al., 2009; Mekong
River Commission, 2016). Concentrations of CI~ range from
< 5 umol/L to 816 umol/L. The high concentrations are
suggestive of halite dissolution, with concentrations greater
than 376 umol/L delivered by west bank (Thai) tributaries
draining the evaporite-rich Khorat Plateau (Fig. 3C). The high
CI™ concentrations in these tributaries are not matched by
significantly higher Ca** or SO~ concentrations (Fig. 3B, C,
D). The tributaries with the lowest CI~ are lower than that of
the sampled rain.

3.2. Oxygen and sulfur isotopic ratios

There is a large range in 6'80p,o from -16.4%0 to -7.4%,
consistent with the Global Network for Isotopes in Precipitation
(GNIP) model (Fig. S3, Terzer et al., 2013) with the largest
change associated with the decrease in altitude across the
eastern Himalayan syntaxis.

Tributary 6'Ogp, values range from -0.3%0 to +12.0%o
(Fig. 3F), a greater range than 6'80y,0. Mainstem samples have
a smaller ¢ 180304 range of 5.5%o with the lowest values in the
headwaters (-0.3%c) and the highest values closer to the mouth
(5.2%0).

The difference between oxygen isotope compositions in
SO?™ and H,0, AOso,-n,0, is a function of the fraction
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Figure 3: Downstream variations in discharge and dissolved solutes SO%-, CI~ and Ca2* and 6345504 and 6180504. Data is corrected for rain inputs (Section 4.1)
with 20 uncertainties smaller than the symbols, if not shown. Distance downstream is sectioned by mainstem monitoring stations (Fig. 2A). Mainstem samples
highlighted by pink line (each line is unique for a single year). Filled symbols represent samples where 6348504 and (5180504 were measured; open symbols only
have major solutes. The blue coloured shading represents a heat map of the 1985-2000 data set (Mekong River Commission, 2016) for September; a brighter colour
indicating a greater number of counts. The red shaded data is a heatmap of modelled output from the downstream mixing model (Section 5.4).

of oxygen derived from water that contributes to the SOi_aoa
molecule, compared to other sources, such as molecular oxygensos
or the dissolution of sedimentary sulfates (discussed in detail insos
Section 4.3). In the Mekong, AISOSOA,HZO ranges from 8.3%
to 20.7%o and spans the A'8Oso,_p,0 (and 6°*S) range of many
global rivers (Fig. 4). e
The mainstem shows a small downstream increase of 6>*Sso, 5o
values from 1.50%0 to 3.87%0 (Fig. 3E). The tributaries however,,
show a ~13.5%0 range (-3.46%0 to +10.04%), scattering t0g,
values greater and lower than the main river. The lowest 6>*Sso, 4
values are from tributaries that drain northeast Myanmar and,,,
catchments in northern Laos whilst the highest 6**Sso, values,,,
are from catchments in northeastern Thailand. Despite the,,,
significant variability in the tributaries, samples collected in,,,
2016 and 2017 from mainstem sites at Luang Prabang, Pakse

and Kratie have a limited inter-annual variability of 0.6%c 1o
and 1.4% 1o for 6**Sgo, and 6'0go, values, respectively,
suggesting that relative inputs vary little from year to year.

4. Sources of Sulfate to River Waters

The most significant sources of riverine SO?[ are the
dissolution of sedimentary sulfate minerals such as gypsum
(CaS04-2H,0), anhydrite (CaSO4) and the oxidative
weathering of sedimentary sulfide minerals such as pyrite
(FeS,). Possible additional inputs are from volcanic emissions,
magmatic sulfide, carbonate associated SOZ‘, rain and
anthropogenic pollution from fertilisers, industrial waste water
and coal burning (Robinson & Bottrell, 1997; Canfield, 2004).



Table 1: Major cations and anions and stable isotope ratio data for main stem and tributaries. Missing main stem fpy, values are due to insufficient SOﬁ‘ concentration or discharge data to calculate f,y, using mass
balance (Section 5.4). **Indicates discharge from (Mekong River Commission, 2016). SPM= suspended particulate matter and where possible are the mean values of multiple samples collected at different depths
in the water column. Min and Max 6'8Ogy;p correspond to the 25th and 75th percentiles of the rain weighted GNIP model as described in the text. D/S = Downstream, U/S = Upstream, n.d. = no data or no sample

collected.
Distance
D Group River Date Basin from N E Discharge  SPM T pH  Ca® Mg?* K* Na* €7 $03~ NOy HCOy ooy, o 618050,  o**sgo, oBogyip  *Spyr rain Soyr feyp
area source
+20 +lo +lo min  max +lo +lo +lo xlo
km? km ° ° m3/s mg/L °C mol/L %

MEKI6-112 Cambodia _Tonle Srepok 20160920 50202 4152 13547 10604 5585 nd._ 278 702 616 483 200 783 184 821 264 295  87x01 65+03 2701 78 6.1 2110 0.30 = 0.04 053£0.12 047 0.12
MEKI6-119 Cambodia  Tonle Kong 20160920 28792 4152 13559 106.04 n.d. 282 708 732 479 226 673 126 742 243 291 830l 47+04 6.7+0.1 82 63 x4 0.23+0.03 0.64+0.11 0.36+0.11
MEK17-123 China Heihui 2017-09-15 7284 1375 25514 99993 nd. 1635 21.8 815 799 246 354 176 612 114 281 1860 -129x01  38x0.l 6302 41 90 2x4 0.02 £ <0.01 0.54£0.10 0.46 £0.10
MEKI6-012 Left Nam Khan 2016-09-12 7472 2710 19.766 102,18 n.d. 237 797 644 201 450 165 204 252 604 1800 -93x0.1 3.0+03 29+0.1 105 58 145 0.09 £ 0.01 0.69£0.10 0.31£0.10
MEK16-047 Left Nam Ngiap 201609-15 4515 3376 18417 103.60 544**  nd. 254 742 196 755 195 755 932 835 165 609  -8.90.0 41£04 27+0.1 100 58 9%5 0.22£0.03 0.66+0.11 0.34£0.11
MEK16-051 Left Nam Kading 2016:09-15 14807 3430 18324 10400 524**  nd. 264 7.85 296 584 143 418 1L1 169 518 725  -83%0. 0.0+0.6 2501 97 65 93 0.12£0.02 0.84£0.08 0.16 £ 0.08
MEK16-053 Left Nam Hinboun 2016-09-15 2212 3543 17727 10457 nd. 265 756 602 865 109 328 107 156 142 1350 -84x00 0.9+04 0.1£0.1 91 66 63 0.13£0.02 0.81+0.08 0.19 £ 0.08
MEK16-077 Left Xe Banghiang 2016-09-17 19978 3761 16098 10538 845*  nd. 284 713 171 682 310 124 913 164 120 482  -92:0. 38404 5503 85 64  2:4 0.22£0.02 0.69£0.10 0.31:£0.10
MEK16-087 Left Xe Don 2016-09-18 7348 3944 15.133 105.81 666 nd. 300 744 141 945 208 964 149 631 151 592  -9.0x0.0 54+05 7.0+ 0.1 84 64 316 0.32£0.05 0.61+0.12 0.39£0.12
MEKI7-127 Left Nam Ou 201709-17 26058 2684 20115 10229 713 120 260 820 585 174 246 157 391 273 NA 1520 -89x0.1 6.5+04 0.2+0.1 106 54 2110 0.08 £ 0.01 0.49 £0.12 0.51£0.12
MEKI7-146 Left Nam Lik 2017-09-18 5258 3115 19216 10224 nd. 3886 27.6 796 996 318 176 140 791 208 NA 2210 -88=0. 11903 9102 93 58 24x2 0.01 + <0.01 0.19 £ 0.08 0.81+0.08
MEKI7-158 Left Nam Ngjum 20170920 16347 3290 18.180 103.04 950=*  nd. 282 704 316 112 186 166 119 278 152 814 -83+0.1 72409 73+0.1 95 58 69 0.08 +0.01 044+0.13 0.56+0.13
MEK17-230 Myanmar ~ Mae Kok 2017-10-02 10633 2349 20228 100.13 243** 273 278 7.9 254 125 576 160 506 289 NA 760  -86%0. 48+0.0 35500 91 53 19£6 0.08 £ 0.01 0.61£0.11 0.39£0.11
MEKI17-236 Right Hueang 2017-10-04 4815 3028 17.730 101.49 nd. 3284 256 736 276 121 470 235 854 352 NA 825  -102x01  7.1x15 05+03 85 52 20xl4 0.06 + 0.01 0.47£0.14 0.53£0.14
MEKI7-240 Right Loci 2017-10-04 3954 3037 17.803 101.63 nd. 115 281 781 808 234 520 307 604 208 NA 1800 -9.00.1 9.6+0.3 7902 83 54 -12x14 0.01 £ <0.01 0.31£0.10 0.69£0.10
MEK17-245 Right Songkhram 2017-10-05 12987 3525 17611 10440 nd. 310 629 792 448 403 386 412 133 NA 211 90101 22+04 9.9+0.1 79 62 T%2 0.17 £ 0.02 0.78 £ 0.09 0.22£0.09
MEK17-256 Right Chi 2017-10-06 49402 3786 15266 104.64 614* 50 322 696 254 934 634 557 489 250 701 706 2401 56+0.1 81 55 1£2 0.09 £ 0.01 0.75 £ 0.09 0.25 £ 0.09
MEK17-257 Right Mun U/S 2017-10-06 53397 3787 15.143 104.58 1790%  nd. 305 645 139 635 423 781 816 208 NA 376 3406 10003 7.6 55 712 0.11 £ 0.01 0.71£0.10 0.29£0.10
MEK17-107 Main Baoshan 2017-09-12 92639 1441 25432 99.342 1656 158 197 841 1210 556 451 497 305 705 194 2200 0308 15£0.1 162 120 63 0.00 £ <0.01 0.66 +0.10 0.34:£0.10
MEK16-007 Main Vientiane 2016-09-11 305128 3202 17.963 102.57 7666 nd. 274 639 572 186 381 218 892 103 144 1410 47+06 3.0+0.0 nd. nd. 0.02 + <0.01 nd. nd.
MEK16-033 Main Luang Prabang 2016-09-13 231768 2684 20057 10220 6881 nd. 264 790 546 186 408 225 102 117 140 1390 16+0.3 3.9+0.0 nd. nd. 0.02 £ <0.01 nd. nd.
MEK16-096 Main Pakse 2016-09-18 542799 3944 15119 10578 27430 nd. 282 7.55 412 128 335 222 160 586 195 1040 53+04 3.6+02 nd. nd nd. 0.06 + 0.01 nd. nd.
MEK16-106 Main Stung Treng 201609-19 561329 4160 13544 10596 25704  nd. 290 7.52 369 115 321 203 144 503 406 930 34+04 3702 nd. nd. 0.07 +0.01 n.d. nd.
MEK16-137 Main Kratie 20160922 652181 4299 12469 106.02 35253 nd. 295 7.68 229 860 295 136 755 292 144 635 4111 33403 nd. nd. 0.12£0.01 nd. nd.
MEKI17-135 Main Luang Prabang 20170917 231768 2684 20056 10220 8204 852 262 7.87 559 200 455 208 101 136 146 1310 1.8+0.1 31403 nd. nd. 0.02 £ <0.01 nd. nd.
MEK17-189 Main Pakse 20170922 542799 3944 15118 10578 24722 910 288 7.5 405 136 360 192 165 542 549 958  -9.9:0.1 33+08 38+03 nd. nd. 0.07 £ 0.01 nd. nd.
MEK17-213 Main Kratie 2017-09-25 652181 4299 12459 10602 33155 251 289 718 381 130 372 207 148 485 138 896  -9.6:0.1 3.0+ 11 3903 nd. n.d. 0.07 £ 0.01 nd. nd.
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Figure 4: Sulfur and oxygen isotope compositions measured in dissolved SO%~ 4 a0
and H,O of the Mekong River and its tributaries compared to global data (grey
open symbols, symbols correspond to Fig. 1). Error bars are smaller than
symbols for Mekong data. 331
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4.1. Atmospheric Sulfate Inputs

Atmospheric inputs were corrected for using the SO;/CI™ ratio*”

in the rain: 336
[ S 02_] 337

SO SO~ 1-[CL,. ] 4 2)s8

[ 4 ] [ r ver ] [ ram] ( [Cl_ ] )rain ( )339

This does not account for evapotranspiration because the »
high CI~ content in four of the tributaries (> 300 /,tmol/L)
suggests that a significant proportion of the Cl~ budget 1s »
derived from halite weathering rather than rain inputs alone.
Of the 18 tributaries with 6**Sgp, and 6'80s0, data, 8 have
chloride concentrations lower than that of the rain, suggestmg i
that evapo-transpiration has not influenced the data to an”
appreciable degree. Therefore it was assumed that the chloride
contribution from rain cannot exceed the chloride concentration®”
of the river such that:

[CL,,

river

I"=(ct [Clin) 20 (€)

rlver]

The three rain samples (Table S5), have molar SO‘Z[ /CI1™ ratio
ranges between 0.12 and 0.19. The river water samples were
corrected using the rain composition of closest geographical
proximity. The rain correction for SOi‘ ranges between < 1%
in the concentrated samples to 30% in the more dilute samples
(Fig. S2].

Atmospheric inputs could have a significant impact on the
5**Ss0, and 6'80g0, of the river waters, especially in dilute
samples where up to 30% of SOﬁ‘ is derived from rain. The
rain samples collected were too small to enable measurement
of 6**Ss0, and 6'80sp, values. Instead it was assumed that thess
rain 6345504 and 6180504 falls between that of seawater (21%os4s
and 9.3%o respectively, sources in Table S1) and the averagesso

7

of the most dilute tributaries with the greatest rain contribution
(SOﬁ‘ < 15 and CI~ < 18 umol/L, and 6348504 and 6180504 of
4.62 and 5.19%0 respectively). This range of §**Sgo, values is
significantly wider than that observed in Chinese Rivers (Han
et al., 2016) and similar to that observed for (5‘80504 values in
rain. The river waters were corrected for rain inputs using the
mass balance equation:

5o S [SO2 1= Grin - (1SOX-_1-[SOZT") @
- [SO%]*

where ¢ refers to either 6348504 and 6180504 and 6" denotes
corrected values. The maximum rain correction is 4.7%o
and 1.04%q for 6**Sso, and 6'30go, values respectively
(Fig. S2). The uncertainty on the rain correction was estimated
using a Monte-Carlo simulation with an assumed 2.5% and
10% 1o uncertainty (normal distribution) on the elemental
concentrations of river and rain water respectively. For the
uncertainty on 6>*Sgo, and 6'80go, in rain waters, 10,000
values were randomly sampled from a uniform distribution
between the rain end-member §*#Ssp, and §'80s0, values and
propagated through Eqns. 2-4. This amplifies the analytical
uncertainties of < 0.3%o for 6°*Sso, and & 180504, to a maximum
of 2.3%o and 1.6%o 10~ for 6**Sso,* and 6'3Og0,* respectively.

4.2. Sedimentary Sulfate Mineral Inputs

Significant quantities of SO%‘ remain after correcting for rain,
suggesting that sedimentary sulfate and/or sulfide inputs are
important in the Mekong Basin. Sedimentary sulfate deposits
are documented within the Khorat Plateau in the Mekong River
basin. Anhydrite beds and nodules contained within halite have
534S values ranging from +6.4 to 17.7%o with a mean value of
15.1%0 (Pisutha-Arnond et al., 1986; Tabakh ef al., 1998, 1999).
Whilst the range in §**S values is quite large, the range in
6"80s0, values is much narrower in the anhydrite beds; between
+11.0 to +14.2%o (Pisutha-Arnond et al., 1986), well within the
Phanerozoic range of 6'80sp, (~10%o (Crockford et al., 2019).

4.3. Sedimentary Sulfide Mineral Inputs

The supply of SO?[ to the hydrosphere from the oxidative
weathering of pyrite is controlled via two main reaction
pathways, involving either molecular O, or water combined
with the reduction of Fe** in the critical zone environment.
Whilst the resulting 6**Sso, is inherited from the composition
of the pyrite, the 6180504 is controlled by the source of the
oxygen (with differing §'80), in addition to fractionation factors
between SOZ‘ and molecular or water oxygen (£so,-0, and
&s0,-H,0).- For the kinetically faster, bacterially mediated
reaction pathway, oxygen in the SOi‘ molecule is quantitatively
derived from water (Balci et al., 2007):

FeS, + 14Fe’* + 8H,0 — 15Fe”* +2S03™ + I6H*  (5)
This reaction occurs in anoxic environments via the reduction
of ferric iron (Fe3*, van Everdingen & Krouse, 1985; Calmels
etal.,2007).
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Table 2: Definition, values and distributions of assumed end-member isotopic compositions, fractionation factors, elemental concentrations and fo, used in
calculations of the rain correction and partitioning of the fraction of sulfate derived from pyrite and gypsum. Uncertainties of the calculated parameters were
estimated by randomly sampling each parameter 10,000 times (Monte Carlo) within the listed distributions and repeating the calculations for each tributary. GNIP
25th and GNIP 75th refer to the percentiles from the the rain weighted GNIP 6'80 precipitation model (Fig S4). * refers to the fact that the maximum possible
o 18Oo2 of molecular O, incorporated into the SO%’ molecule is a function of fo, (Fig. S7).

Parameter

If normal distribution If uniform distribution

Value lo Min value Max value

st 80504 ayp Oxygen isotope ratio of gypsum end-member 14.5%o0 2%0
6345504 eyp Sulfur isotope ratio of gypsum end-member 15.1%o0 2.1%o
s'80p, molecular Oy 23%o 70%0*
£504-Hy0 Fractionation factor for 6180 between Hy O and S0~ 0%o 4%
£304-0y Fractionation factor for 130 between molecular 05 and 5042( -12.1%0 -8.1%0

N Fraction of O, in dissolved SO_/zl_ derived from atmospheric O,
/o, - 0% 17%*

2 fo, + fiiy0 =1
sl SOHZO Oxygen isotope composition of water at the time soj* molecule was formed GNIP 25th GNIP75th
SO%*" Measured sulfate concentration in the river Measured +2.5%
river

C’;iver Measured chloride concentration in the river Measured +2.5%

042‘*' . Measured sulfate concentration in the rain Measured +10%

rain

Clin Measured chloride concentration in the rain Measured +10%
318050, rain  Estimated 61805, for rain water 4.62%0 21%o
84850, rain Estimated 635, for rain water 5.19%0 9.3%0
s'8050,* Rain corrected 518050, Calculated
6345504 * Rain corrected 6345504 Calculated

34850, pyr Estimated 34 of pyrite derived SO3~

Calculated

This net reaction is a simplification of the multiple stepars
oxidation process (SI 8), but importantly the oxygen insso
the SOﬁ‘ is derived entirely from water within the criticalsss
zone. The §'80p,o that participates in the oxidation processse
can therefore be approximated by the 6'80g,o of the riverss
water sample itself, depending on the catchment size and thesss
temporal and spatial variability of 'Oy, across the catchment
(addressed in detail in section 4.4). Oxygen from water is__
incorporated into the SOi‘ molecule with a fractionation factor
(€s0,-1,0)- Balci et al. (2007) and references therein estimated_
£50,-H,0 to range from 0% to 4%o depending on the metal (e.g.,
Fe®*) used in the sulfide oxidation pathway. 250

Pyrite can additionally be oxidised aerobically, incorporating,,,
molecular O, into the SOﬁ‘ molecule (ST 9, van Everdingen &
Krouse, 1985; Calmels et al., 2007) following the reaction:

388

391
392
393
(6)304

395

7
FeS, + 50, + H,0 — Fe’* +2S02™ + 2H*

where oxygen within the SOﬁ‘ molecule is derived froms3e
both the atmosphere and local water. Although the reaction3”
stoichiometry would suggest that oxygen is incorporated3s
into the SOZ‘ molecule in the proportion 87.5:12.5%
atmosphere:water (Taylor er al., 1984a), experimental work#o
has demonstrated persuasively that even in the presence of“!
atmospheric oxygen, the majority of the oxygen in the 503‘402
molecule is still derived from the water (Balci et al., 2007).403
This is likely because the oxidation process of sulfide to SOZ‘404
involves a number of intermediate steps (SI 8, Balci et al. s
2007). In laboratory settings a maximum of 17% atmospheric
O, was incorporated into the SOﬁ‘ molecule (Balci et al.,
2007), a fraction which decreased as the reaction progresses.
Some studies have highlighted the dominance of the aerobic
oxidation pathway for pyrite oxidation (e.g., Gu et al., 2020) but
in rapidly eroding Himalayan catchments (similar conditions

to the Mekong Basin) A’'7O measurements have shown that
most of the oxygen incorporated into the SOZ‘ molecule during
pyrite oxidation is derived from meteoric water rather than
molecular O, (Hemingway et al., 2020). It is therefore likely
that 17% represents an upper threshold for incorporation of
molecular O, into SOi‘.

The 6'%0 of atmospheric O, is well constrained at 23%o
(Kroopnick & Craig, 1972), however, molecular O, in the
critical zone can be fractionated. Kim et al. (2017) reported
6'800, values as high as +70%o (although mean values of
the most oxygen-depleted samples were +62%o and +40%) in
weathering profiles in very slowly eroding catchments. The
most fractionated oxygen isotope ratios were observed when
clay sealed the profile and the partial pressure of oxygen was
reduced by oxidation of Fe* in clay minerals. Other studies
have noted much less extreme oxygen isotope fractionations:
Angert et al. (2001) recorded fractionations of < 2% as the O,
content reduced to < 5% in soil profiles of approximately 1m
thickness. To represent the maximum uncertainty, the full range
of values for 618002 between +23%0 and +70%o (Table 2) was
allowed for in the modelling. In addition to potentially variable
6'80 of molecular O,, there is a fractionation factor between
molecular O, and the SO?[ molecule (50,-0,) that has been
determined experimentally to have a value of approximately
-10.1%q (Taylor et al., 1984b; Balci er al., 2007) and a uniform
distribution of values between -8.1%o and -12.1%¢ was assumed
in the modelling below.

The oxygen isotopic composition of the pyrite-derived SOi‘
(6180304 pyr) is therefore a function of 1) the fraction of water
(fu,0) versus molecular O, (fp,) contributing oxygen atoms,
2)6 1801.[20 and § 18002 and 3) the fractionation factors between
these phases and the SOZ‘ molecule (e50,-0, and €s0,-n,0) and
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can be determined by the following mixing equation: 451
452

6050, pyr = fo, (5]8002 + 8504—02) + (7)453

454

18
fr:0 (5 Om,o + 8304—1120) »

where:
Jo, +fmo =1 (®)

The fractional inputs of atmospheric and meteoric water
oxygen, fo, and fuy,0, respectively, depend on the reaction
pathway of sulfide oxidation (Eqn. 5 or 6), and §'80p,o is
the composition of the local water. The fractionation factors
between oxygen and SOﬁ‘ (es0,-0,) and water and SO?“
(&s04-H,0), are given in Table 2.

This oxygen isotope mass balance (Eqn. 7) provides an,
important constraint on the maximum §'3QOg, and the maximum
fraction of molecular O, (fp,) within the rapidly eroding
setting of the Mekong Basin because 6'%Og, pyr cannot exceed,
618050 * (6! Oso4 pyr < 5! 0504*) In the limiting case Where
68050, pyr = 6'%0s0," (where 100% of the riverine SO;
is derived from pyrite oxidation), the maximum value of,
6800, is a function of the maximum value of fo,. Thls463
function (Eqn. S7) is illustrated for each tributary in Fig. S7,_,
demonstrating that if very fractionated oxygen isotope ratios
occur in the critical zone, the maximum possible fo, is
significantly lowered in some tributaries such as the Kading,
or Hinboun (KAD and HIN). For most catchments however,468
5'800, values anywhere between 23% and 70%o are plausible,
with mass balance. In the tributaries where Eqn. S7 limits
6"800, and/or fp,, only a permissible range was taken to be
used in Eqn. 7.

56
457

458

460

465

466

4.4. Spatial and temporal changes in the 6'30 of water in
tributaries

Although 6'80y,0 measurements are made to a high precision,
they may not accurately reflect the §'¥Op,o at the time or
place the SOﬁ‘ molecule was formed because of spatial and
temporal variability in 6'80p,o across each of the tributary
basins. The basin size ranges from 2000 to 93,000 km?, with
a maximum interquartile range in altitude of < 900m within
a tributary basin, which will contribute a range of §'30p,o
water values depending on exactly where and when the SOf“471
molecule was formed. The tributary 6'*Op,o compares well

to the GNIP model (Terzer et al., 2013). The uncertainty on -
tributary 6'80p,0 (because of spatial and temporal var1ab1hty)

was determined by extracting the monthly GNIP model ¢ 18O

and weighting by the monthly rainfall for each tributary (SI 7

Hengl, 2018). The uncertainty in §'%Oy,o was taken as477
inter-quartile range of these distributions (Fig. S4).

479

5. Partitioning Pyrite and Gypsum Derived Sulfate 480

481

After correction of 6348504 and 0 180504 for atmospheric inputs,2
a binary mixing model was used to partition SO%‘ inputs#ss
from the oxidation of sedimentary sulfides and sulfates using#
6"80s0," and 6'80y,0. The model was used firstly to calculate*s

9

the fraction of riverine SOZ’ derived from the oxidative
weathering of pyrite and secondly the §**S of pyrite in the
tributary catchments of the Mekong River. Finally, the main
stem evolution of 6**Sgo, and 6'8Ogo, were considered using a
flux-weighted additive model to calculate fpy, in the main river.
In the first order, the isotopic composition of the atmospheric
corrected dissolved SOi‘ is determined by the sum of the
fractional contributions of SO3~ derived from gypsum (fyyp)

and pyrite (fpyr) (Eqns. 9 and 10).
6" 050, = fayp = 6"°Os0,8yp + foyr - 6" Os0,pyr

€))

Joyr = 1= fayp

As discussed in Section 4.2, the oxygen and sulfur isotopic
composition of the gypsum inputs are relatively well
constrained, and the 6'80so, and 6**Sso, of the average
Cretaceous evaporite end-member in the Mekong basin were
used in the model (Table 2). Since the global range in
6345504 pyr Spans > 100%. (Fig. 1B, Strauss, 1997; Canfield,
2004) and, being a reactive phase it was not possible to extract
any pyrite from suspended particulate matter for analysis,
53*Ss0, does not provide a similar constraint.

The oxygen isotope composition of the pyrite derived
end-member (6180504 pyr» Bqn. 7) was used to determine
the fraction of sedimentary sulfate (fsyp, and hence fy;) by
combining the mass balance equations for oxygen in SOi‘
(Eqgns. 7, 9 and 10) to yield:

(10)

81805, /o, (6" 00, +£50,-0, ) ~(1-/0, )(6"* Onyo+£50,-1,0)

Jeyp =

618050, gyp—f0, (6'800, +£50,-0, )~ (1-f0, ) (6" On,0+£50, 1,0 )

The calculated foy, and f,, were then substituted into the
mass balance equation for 6345504* to calculate a range of
possible 5**S values for pyrite that have contributed to the river
chemistry in each sub-basin:

6345@04 —Jewp (534SSO4gyp)
Joyr

Eqns. 11 and 12 were solved for each tributary and the
northern most sample of the mainstem (MEK17-107) where
the discharge is smaller than many of the tributaries from
the lower reach (Fig. 5). Uncertainties were determined by
repeating the calculation 10,000 times, with each parameter
randomly sampled within the normal (for measured parameters)
or uniform (for unknown parameters) distributions detailed
in Table 2. The distributions of the input parameters were
designed to maximize the uncertainties. For example the range
in 6'800, values were permitted to range from 23%o to 70%
and the rain correction of riverine SO}[ allows for a wide range
in isotopic values of the rain. Because of this uncertainty
structure, a small number of iterations have f,,,> 1 and these
iterations were not included in the final mean values. Calculated
values of 6°*Sso, pyr Outside the typical natural range -100%q to
+10%o were also not included in the final mean values.

63485041)),1— = (12)
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Figure 5 (continues on next page): Summary of model outputs for all major tributaries plotted as 6348504* vs the difference in 6130 between sulfate and water
(A'80504_H20). The complete distributions of gypsum and pyrite derived end-members are indicated by 2D probability density functions (pink and orange
respectively). 100 water data points (randomly selected out of the 10000 total) are indicated to show the water sample and position of the mixing lines (dashed
for that sample). Symbols and colors correspond to the legend in Fig 3. The range of fpy predicted by the uncertainty structure (Table 2) is shown by the inset

histograms along with the mean and 1sd as dashed lines.
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The number of iterations discarded was zero or insignificantsso
(< 3.5%) except for one sample, where the uncertainty structuress
was amplified (discussed in more detail below). The modelss
results of the mixing lines between gypsum and pyrite-derivedsas
SO}[ and the water samples (mixtures) are illustrated in Fig. 5,54
which also shows the distributions of calculated f,y values forsss
each tributary. 546

547

5.1. Calculated 6345504 pyr and uncertainties 548

The calculated 6*4S of SO2 delivered by sulfide end- members *
(6°*Ss0, pyr) Tanges between -24%o and +7%o (Fig. 5, Table 1),”
well within the range of global sedlmentary and igneous sulfide™”
minerals (Fig. 1B). For most tributaries, ¢ *Sso, pyr Values have *
a 1sd uncertainty of less than 7%o, and the maximum lsd
uncertainty for any individual trlbutary is 21%0. Therefore,”
although the global range in 6°*Sso, pyr is large, the range sz,
& SSO4 pyr that contribute SOZ‘ within a given tributary basin™
is relatively restricted. From F1g 5 (e.g., sample MEK17-146, >
Nam Lik) it is qualitatively apparent that one of the dominant558
controls on the uncertainty of the calculated & 4Sso4 pyr 18 the™
relative values of 6345504* and 6180504* of the water sample,
compared to those of the gypsum end-member. When there is a >
small difference between the water and gypsum (corresponding562
to a small f;,) this leads to an amplification in the uncertalnty
in 6 Sso4 pyr- 1f, on the other hand, the water sample 634850
and 0 1SOSO4 values are close to the § 18Oso4 values of the pyrlte %0
derived end-member (e.g., sample MEK16-053, Nam Hlnboun)
the uncertainty on 6°*Sso, pyr is smaller (Fig. S8).

560

564

567

568

5.2. Fraction of sedimentary sulfide-derived sulfate in the::

Mekong river o

There is a wide range in fpy, in the Mekong River tributaries,sz
from 0.19 to 0.84 (expressed as a fraction of fotal dissolvedss
SOZ‘ where foyr + foyp + frain = 1, Fig. 6A, B & C, Table 1). Thesr
average and maximum 1o uncertainties on fpy, estimated fromszs
the Monte-Carlo simulation are 0.09 and 0.14 respectively,ss
despite the large allowances for the input parameters. Thes
uncertainty on f,y, has a parabolic relationship with its absoluteszs
value (Fig. S8B) such that the uncertainty is at a maximumszs
when fi)yr =0.5. 580

In the upper Mekong, SOi‘ concentrations are among thess:
highest found in the basin. In the Heihui tributary (HHI)se
Joyr = 0.54 £ 0.10 (10) indicating SOﬁ‘ is sourced in almostsss
equal quantities from oxidative weathering of pyrite andss:
dissolution of evaporite minerals, with a very low contributionsss
from rain (fractional contribution of < 0.02). The lithology issss
predominantly Jurassic marine units but with a large area ofse
Pre-Cambrian metasedimentary rocks likely to contain pyrite.sss
In the upper main river site at Baoshan (MBS) (where thesss
discharge is lower than many of the tributaries in the lowersso
reaches of the Mekong), fiyr = 0.66 = 0.10 (10), reflectingse:
pyrite-rich lithologies in the Mekong basin upstream of thisse
sample. This is an important conclusion, firstly because theses
upper reaches contribute a significant SO%‘ flux to the rest ofso
the Mekong River, and secondly because the relatively high Cl7sss
concentrations are indicative of halite weathering but the highsss
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Joyr values demonstrates that evaporites are only a secondary
source of SO%‘.

In the middle section of the basin, tributaries draining the
east bank of the Mekong in Laos show the largest range in
Joyr values, from 0.19 to 0.84. The tributaries with the highest
Joyr are the Nam Hinboun (fy, = 0.81 + 0.08 10) and Nam
Kading (fpyr = 0.84 £ 0.08 107) which drain Triassic to Jurassic
and Carboniferous to Permian limestone units where pyrite is
common, as well as draining Palacozoic igneous units of the
Annamite mountain range (Ponta & Aharon, 2014). Although
Joyr 1s high, the SO%’ concentration of these tributaries is
< 28 umol/L.

The tributary with the highest proportion of SO?[
derived from the dissolution of sedimentary sulfate minerals
(foyp = 0.81x 0.08 10) is the Nam Lik, with an order of
magnitude greater SOZ’ concentration than the surrounding
tributaries indicating the presence of evaporite within the
Permian marine units. This result shows the value of the
mixing model presented here, since otherwise this high SOZ‘
concentration could have been mis-interpreted as being derived
from the oxidative weathering of pyrite.

One of the largest tributaries in the region is the Nam Ou,
where Cretaceous to Jurassic gypsum units and pyrite within
Devonian to Permian limestones units have been reported. The
Joyr value 0.49 + 0.12 (107) indicates an equal contribution to
the SOﬁ‘ flux from both pyrite and gypsum weathering, but
the low SO%’ concentration (27 umol/L) demonstrates their
contribution is minor.

On the west bank of the middle Mekong basin, the Mae
Kok drains Devonian to Carboniferous shales and limestones
with fyyr = 0.61 = 0.11 (107). Tributaries in northern Thailand,
Hueang and Loei, with contrasting SO?{ concentrations
of 35 and 208 umol/L, have low f,, values (0.47 and
0.31, respectively) due to high SO%‘ contributions from
Carboniferous anhydrite-gypsum deposits (Pisutha-Arnond
et al., 1986; Surakotra et al., 2018).

A significant proportion of the bedrock on the west bank
of the middle Mekong in Thailand comprises evaporite units
(Chinese Academy of Geological Sciences, 1975). However,
the calculated fpy, values suggest that approximately one third
of the SOi‘ delivered by the Mun, Chi, and Songkhram rivers
(fpyr values of 0.71, 0.75 and 0.78 respectively) is sourced
from these sulfate minerals. The vast majority of SO?{ on
the Khorat Plateau appears to come from oxidative weathering
of pyrite. Catchments containing sedimentary sulfate minerals
generally have high SO?[ concentrations but this is not the
case in the Mun, Chi and Songkhram (SO}~ < 25 umol/L).
In contrast C1~ concentrations are between 412 to 816 umol/L,
indicating the dominant evaporite mineral being weathered is
halite. The Maha Sarakham evaporite formation is underlain
by the Mesozoic Khorat Group which comprises sandstone,
siltstone and shale units. These terrigenous units contain
abundant disseminated pyrite and some galena and sphalerite
(Tabakh et al., 1998) which likely contribute the high fraction
of sulfide-derived SOZ‘ in the Mun, Chi, and Songkhram rivers.
This counter-intuitive observation demonstrates that care needs
to be taken in using published geological maps to infer CO,
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Figure 5 (continued)

consumption budgets based on global geology (Amiotte Suchetszs
et al., 2003).

The Tonle Srepok drains Triassic to Jurassic marine units andezs
Pliocene to Quaternary basalts in northeastern Cambodia andezs
has a fyy value of 0.53 + 0.12 (10). The Tonle Kong has anez
Joyr value of 0.64 + 0.11 (1o). These rivers, sampled at peakses
monsoon have the largest fraction of SOZ‘ derived from rain, atezs
up to 30%.

624

630
631
5.3. Model limitations 62
633
The binary mixing model presented here does not take into,

account secondary processes such as bacterial sulfate reduction,,
(BSR). BSR can significantly alter the isotopic composition
of dissolved SO}[ due to the large isotope fractionations
between sulfate and sulfide (Detmers et al., 2001; Turchyn636
et al., 2013) and references therein. BSR increases 6348504637
and 6'80g0, values in river waters and could theoretically beess
occurring on the flood plains without sulfides being erodedsss
and transported into the river in particulate form. Since BSR40
increases riverine 5348504 and 6 180504 values it would cause thees
mixing model presented here to calculate a greater contributionss.
from evaporite minerals; therefore our f, values should becs
considered minimum estimates. 644
The rain correction used here does not account fores
evapo-transpiration. Although many of the samples have zeross
CI™ after rain correction, it is still possible that the atmosphericss
inputs calculated here are an under-estimate. ~Whilst wesss

have not considered additional anthropogenic inputs, in the
peak monsoon conditions CI~ concentrations do not increase
downstream of cities, suggesting that in the present sample set
anthropogenic inputs are minor.

The binary mixing approach developed above is appropriate
over relatively restricted basin sizes, with limited latitudinal
and elevation ranges over which the GNIP model for §'0
in precipitation can be reliably used to constrain a unique
68050, pyr- However, the mainstem 6'0g,, 6" Op,0 and foy,
values correspond to the integrated inputs from all upstream
tributaries, which can contribute markedly different SOZ’ fluxes
to the mainstem, and therefore a different approach must be
taken to calculate an fpy, value for mainstem SO?[.

5.4. Mixing evolution on the mainstem

The mainstem was divided into 6 regions (Fig. S9B)
constrained by 6 monitoring stations on the main river
where the Mekong River Commission has long-term
records of both discharge and SOZ’ concentrations (Mekong
River Commission, 2016). For each region the total SOﬁ‘ flux
from that region corresponds to the difference in SOi‘ flux
determined from the sampling station at the exit and entrance
to that region. This total regional SOi‘ flux is supplied by
tributaries (some of which have f,,, determined) as well
as tributaries where either fyyr, SOi‘ or discharge were not
measured, in addition to unknown inputs from groundwaters.
The foyr, foyp and frainvalues for a region on the main river
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Figure 6: Variable source of SOAZ" in the Mekong river basin. Tributary basins are coloured for A) frin, B), fpyr» C) feyp and D the pyrite derived SOZ’ flux in
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were determined by summing the flux weighted fractionaless
inputs from tributaries between sites on the mainstem wheress
SO2~ fluxes were known (SI 12). The fyy, of the unknown fluxer
was estimated by randomly sampling a uniform distributionszs
between available f,y; values of the tributaries from thaters
region with the SOZ’ flux given by the difference between thesso
downstream and upstream mainstem sampling points and the
total flux from the sampled tributaries. There is a covariancess:
in the SOﬁ‘ fluxes between the up-stream and down-streames.
sampling stations on the main river because the fluxesess
exhibit large variations on daily to seasonal timescales whichggs
propagate down the river from source to sink (Fig. S10). Thisess
was accounted for in the uncertainty estimate by determiningsss
the covariance matrix on the SO~ fluxes at each of 6 maine
river monitoring stations for the Mekong River Commissioness
data set (1985-2000, filtered for charge balance, Mekongess
River Commission, 2016). The rain, pyrite and gypsumes
SOZ‘ fluxes were calculated between two mainstem samplingeo
sites given the difference in SOZ‘ fluxes and the estimates ofes.
tributary compositions. The uncertainties were calculated fromess
10000 Monte Carlo iterations using a multivariate Gaussiangss
distribution accounting for the covariance in the SOZ’ fluxes ateos
each of the mainstem sampling sites (SI 12). 696
In this way the cumulative flux and attendant uncertaintyess
were determined at each of the 6 monitoring stations on thesss
main river for the SOi‘ flux derived from rain, gypsum andsss
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pyrite (Fig. S11). For the main river, 6348504 and ¢ 180504 were
calculated in the same way and compared to measured data for
each station where the data exists. There is good agreement
between the modelled and measured values (Fig. 3E and F). The
flux weighted mean f,, for the entire basin was determined as
0.56 + 0.07 (10).

5.5. Controls on fyy:

Pyrite-derived SOE‘ fluxes are high in the upper reaches of
the Mekong (Fig. 6D), reflected in the high concentrations of
riverine SO%‘ (Fig. 3B). Although concentrations of SOi‘ are
low in tributaries in the middle and lower Mekong, the high
discharge of these tributaries means there is a continual addition
of pyrite-derived SOZ‘ flux downstream. In excess of 50% of
the pyrite-derived SOi‘ flux is delivered from the upper reaches
of the Mekong with < 8% derived from the lower reaches
between Khong Chiam and Kratie via the Khorat Plateau and
the major Tonle Srepok and Tonle Kong tributaries (Fig. 6D).
Previous work has determined a strong link between the
supply of material through erosion and the pyrite-derived SOZ‘
flux (Calmels et al., 2007; Torres et al., 2016). The pyrite
derived fluxes determined in the present study are consistent
with this idea, with the highest pyrite derived SO?( fluxes in
the high-elevation headwaters. It is worth noting however that
the fyyr values from the geologically complex Mekong river
basin are ultimately controlled by rock type (Fig. S12), with
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almost 50% of SOi’ in the mountainous headwaters controlledzs
by gypsum and anhydrite weathering.

752
753

5.6. Implications for the carbon cycle
754

Li et al (2014) used an archive database (Mekong™®
River Commission, 2016) to estimate the long-term™®
atmospheric CO, consumption in the Mekong via the™
weathering of Ca and Mg silicates determining a net carbon™®
sink of almost 39 x 10®> mol CO, km™' yr~! (Ca and Mg™
fluxes only, not including Na and K). Accounting for 56% of"®
SOi‘ being derived from the oxidative weathering of pyrite™'
and assuming that sulfuric acid weathers carbonate minerals™?
(Egn. 1) much faster than silicate minerals would reduce this™?
estimate to < 12 x 103 mol CO, km™' yr™!, a reduction of

~T70% (SIS14). Repeating this calculation with the mean of the
data from Kratie (the most downstream mainstem site) from the
present study yields a very similar overall CO, consumption
at ~ 14 x 103 mol CO, km™! yr~!. These estimates of CO,
consumption by silicate weathering (and their uncertamty)767
require verification with flux weighted models accounting fores
the tributary silicate weathering fluxes using a similar approach™®
to SOﬁ‘ fluxes in the main river used in the present study, but;;?
the estimated net reduction in CO, consumption via silicate;
weathering, even in a mixed lithology large river basin withm
low SO?[ concentrations is large. This raises questions over

the magnitude of the silicate weathering climate feed-back (c. f

Tipper et al., 2021) that will require similar studies in Otherm

large river basins 778
779

780
781

6. Conclusion 782
783
784
A new data set of 6**Sgo,, 6'%0p,0 and 6'¥0sp, valuesss
in one of the world’s largest rivers, the Mekong, was used’®
to partition riverine SOi‘ between rain, pyrite, and gypsum;:;
derived sources. The oxidative weathering of pyrite accounts;g
for 56 + 7% (10) of the SOZ‘ flux that is delivered to the Southre
China Sea by the Mekong, with individual tributary values
between 19 and 84%. ras
If the sulfuric acid derived from pyrite oxidation primarilyze
weathers carbonates, releasing CO, to the atmosphere, the CO,7*
consumed by silicate weathering will be offset by 70%. Given;:j
that the Mekong is not a sulfate rich river, and is not dominatedq,
by the oxidative weathering of pyrite, the implication is thatres
the carbon fluxes associated with silicate weathering of other®”
large rivers are currently overestimated. Accounting for sulfuric:z;
acid weathering in chemical weathering calculations couldgs
significantly alter our understanding of CO, fluxes, particularlysos
in catchments where carbonate weathering is high. Of the®®
world’s major rivers, a detailed carbon budget considering the o
sulfuric acid weathering of carbonates has so far only beensos
demonstrated for the Mackenzie River (Horan et al., 2019).809
Further detailed sample collection and SO?™ partitioning in:?
global rivers is needed to calculate a more accurate chemical,,,

weathering carbon budget. 813
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