
Earth and Planetary Science Letters 496 (2018) 168–177
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Sulfur isotopes in rivers: Insights into global weathering budgets, 
pyrite oxidation, and the modern sulfur cycle

Andrea Burke a,b,∗, Theodore M. Present b, Guillaume Paris b,c, Emily C.M. Rae a, 
Brodie H. Sandilands a, Jérôme Gaillardet d,e, Bernhard Peucker-Ehrenbrink f, 
Woodward W. Fischer b, James W. McClelland g, Robert G.M. Spencer h, Britta M. Voss f, 
Jess F. Adkins b

a University of St Andrews, St Andrews, UK
b California Institute of Technology, Pasadena, CA, USA
c CRPG – CNRS, Vandoeuvre-lès-Nancy, France
d Institut de Physique du Globe de Paris (IPGP), Sorbonne Paris Cité, University Paris Diderot, CNRS, Paris, France
e Institut Universitaire de France, France
f Woods Hole Oceanographic Institution, Woods Hole, MA, USA
g University of Texas at Austin, Austin, TX, USA
h Florida State University, Tallahassee, FL, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 6 November 2017
Received in revised form 13 May 2018
Accepted 14 May 2018
Available online 6 June 2018
Editor: D. Vance

Keywords:
sulfur
rivers
weathering
pyrite

The biogeochemical sulfur cycle is intimately linked to the cycles of carbon, iron, and oxygen, and plays 
an important role in global climate via weathering reactions and aerosols. However, many aspects of the 
modern budget of the global sulfur cycle are not fully understood. We present new δ34S measurements 
on sulfate from more than 160 river samples from different geographical and climatic regions—more than 
46% of the world’s freshwater flux to the ocean is accounted for in this estimate of the global riverine 
sulfur isotope budget. These measurements include major rivers and their tributaries, as well as time 
series, and are combined with previously published data to estimate the modern flux-weighted global 
riverine δ34S as 4.4 ± 4.5� (V-CDT), and 4.8 ± 4.9� when the most polluted rivers are excluded. The 
sulfur isotope data, when combined with major anion and cation concentrations, allow us to tease apart 
the relative contributions of different processes to the modern riverine sulfur budget, resulting in new 
estimates of the flux of riverine sulfate due to the oxidative weathering of pyrites (1.3 ± 0.2 Tmol S/y) 
and the weathering of sedimentary sulfate minerals (1.5 ± 0.2 Tmol S/y). These data indicate that 
previous estimates of the global oxidative weathering of pyrite have been too low by a factor of two. 
As pyrite oxidation coupled to carbonate weathering can act as a source of CO2 to the atmosphere, 
this global pyrite weathering budget implies that the global CO2 weathering sink is overestimated. 
Furthermore, the large range of sulfur isotope ratios in modern rivers indicates that secular changes 
in the lithologies exposed to weathering through time could play a major role in driving past variations 
in the δ34S value of seawater.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The biogeochemical sulfur cycle is intimately linked to the cy-
cles of carbon and oxygen (e.g. Berner and Raiswell, 1983). Re-
constructing the sources and sinks of sulfur to the marine en-
vironment in the past is thus important for understanding long-
term changes in climate and the redox processes operating in 
Earth’s surface environments. The sulfur isotope compositions of 
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these sources and sinks provide a sensitive tracer of the processes 
that drive the sulfur cycle because there are large isotope frac-
tionations that occur associated with cycling sulfur between oxi-
dized and reduced phases (e.g. Garrels and Lerman, 1984). Micro-
bial sulfate reduction, for instance, imparts a large sulfur isotope 
fractionation (ε ≈ 0 to −70� (e.g. Habicht and Canfield, 2001;
Sim et al., 2011)), leaving, on average, pyrite and other sulfide-
bearing minerals with lower sulfur isotope ratios than seawater 
and sedimentary sulfate.

Reconstructions of sulfur isotope ratios through geologic time 
from marine sedimentary rocks have typically been used to infer 

https://doi.org/10.1016/j.epsl.2018.05.022
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:ab276@st-andrews.ac.uk
https://doi.org/10.1016/j.epsl.2018.05.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2018.05.022&domain=pdf


A. Burke et al. / Earth and Planetary Science Letters 496 (2018) 168–177 169
past changes in the burial flux of reduced sulfur (pyrite) relative 
to the removal of oxidized sulfur in the form of sulfate (evaporite 
deposits) (Kump and Garrels, 1986). In a simple isotope box model 
of the marine sulfur reservoir, variations in the isotopic composi-
tion of marine sulfate are interpreted as being driven by relative 
changes in these outputs, while typically assuming that the input 
of sulfur to the ocean has remained constant through time. Re-
cent work (Halevy et al., 2012), however, has highlighted the need 
to consider changes in the flux and the isotopic composition of 
sulfur to the ocean. Riverine sulfur is the major source of sulfate 
to the ocean, supplying approximately 4.7 Tmol/y today (including 
1.3 Tmol/y from anthropogenic sources (Meybeck, 2003)). Thus in 
order to fully understand the secular changes in the δ34S value of 
seawater, we need to better constrain both the modern values for, 
and controls on, the isotopic composition of riverine sulfate.

The modern riverine sulfur isotopic composition can also in-
form estimates of chemical weathering fluxes, with important im-
plications for the carbon cycle. Sulfur isotopes in rivers can provide 
insight into how much riverine sulfate is sourced from dissolu-
tion of sedimentary sulfate minerals versus oxidative weathering 
of pyrite (OWP) (Calmels et al., 2007). OWP produces sulfuric acid, 
which is a source of acidity for chemical weathering and which, 
when it interacts with carbonate minerals, can lead to a net re-
lease of CO2, in contrast to the sink of CO2 associated with silicate 
weathering (e.g. Calmels et al., 2007; Torres et al., 2015, 2016). Pre-
vious estimates of global OWP fluxes range from 0.5 to 0.65 Tmol/y 
(Francois and Walker, 1992; Berner and Berner, 1996; Lerman et 
al., 2007). However, recent studies that use sulfur isotopes (and 
sulfate-oxygen isotopes) from individual catchments indicate that 
estimates of global OWP flux are potentially much too low. The 
sum of OWP fluxes (0.15 Tmol/y) from just three river basins 
(Mackenzie (Calmels et al., 2007), Kaoping (Das et al., 2012), and 
Jialing (Li et al., 2011)) can account for a third of previous global 
OWP flux estimates, despite covering less than 2% of global land 
area (Das et al., 2012). Underestimating global OWP by this mag-
nitude may result in substantial overestimates of the modern-day 
sink of CO2 associated with chemical weathering.

1.1. Previous estimates of δ34S of river water

Previous estimates of the global sulfur isotopic composition of 
rivers come from either measurements of river water from a single 
geographical region (Ivanov et al., 1983) or back-of-the-envelope 
calculations based on simple geochemical assumptions (Berner and 
Berner, 1996). The previous data-based study that included the 
largest amount of river data was limited to the Eurasian conti-
nent, and reported an average riverine δ34S of 9.2� (Ivanov et 
al., 1983). The rivers sampled represent only 7% of the total global 
riverine discharge and have a total sulfate flux of 0.4 Tmol/y, ac-
counting for only 9% of the total riverine sulfate flux. The limited 
geographic extent of this estimate raises the question of how rep-
resentative the value of 9.2� is for the global riverine δ34S input 
to the oceans, especially given that many of the rivers sampled are 
weathering large evaporitic deposits of Cambrian/Ordovician age 
that are exposed across the Siberian Platform (Ivanov et al., 1983;
Huh et al., 1998b). These deposits might bias the riverine δ34S to 
high values, since evaporites have δ34S values reflecting the sea-
water δ34S during the time of deposition, and range from between 
10� to 30� (e.g. Kampschulte and Strauss, 2004).

Geochemical calculations tend to form the basis of the most 
commonly cited sulfur isotope compositions for modern riverine 
sulfate. Isotope mass balance models of the sulfur cycle have typi-
cally employed a riverine δ34S value of around 7–8� (e.g. Garrels 
and Lerman, 1984; Kump and Garrels, 1986; Kurtz et al., 2003;
Halevy et al., 2012). These values can be traced back to assump-
tions about the relative contributions of sulfide and sulfate weath-
ering to the riverine sulfate budget. Specifically, it was assumed 
that the abundance of sedimentary sulfate minerals is equal to 
the abundance of sedimentary sulfide minerals and that gypsum 
weathers twice as fast as pyrite (Berner and Berner, 1996). These 
two assumptions imply that sulfate mineral weathering should 
contribute twice as much sulfate to rivers as pyrite weathering. 
Thus, if a δ34S value of 17� is assumed for sulfate in evaporite 
minerals and a δ34S value of −12� is assumed for pyrite, then 
a simple river isotope mass balance predicts an average riverine 
δ34S of between 7 to 8� (ignoring anthropogenic and other minor 
sources of sulfate to rivers). It is important to note that because 
these calculations assumed a fixed ratio of riverine sulfur from 
sulfide weathering to sulfate weathering, this isotopic composition 
cannot then be used to calculate the relative proportion of sulfide 
weathering.

Given the large uncertainties in these estimates of the relative 
fluxes in the modern biogeochemical sulfur cycle, and the result-
ing implications for weathering and the modern carbon cycle, the 
aims of this paper are to: (1) re-evaluate the modern global sul-
fur isotopic composition of riverine sulfate, and (2) estimate the 
modern flux of pyrite-derived sulfate supplied to the ocean from 
rivers using two different and complementary methods: a weath-
ering end-member decomposition and a simple sulfur isotope mass 
balance.

2. Methods

2.1. Measurement of river water sulfate and δ34S

River waters were sampled either opportunistically or as part 
of a number of field campaigns between years 1993–2013. De-
tails of all rivers measured in this study for sulfur isotopes can 
be found in Supplementary Table 1. Previously published sulfur 
isotope data from main stems of rivers were compiled from the 
literature, and can be found in Supplementary Table 2, along with 
the new main stem data from this study. The locations of the main 
stems of rivers included in this study can be seen in Fig. 1.

The concentration of sulfate in river waters was determined by 
ion chromatography with a Dionex ICS-2000, using an AS-19 col-
umn and 20 mM KOH eluent at the Environmental Analysis Center 
at Caltech. River samples were then dried down and re-dissolved 
in 0.01 M HCl. The sulfate was purified from its matrix with an 
anion exchange column as described in Paris et al. (2014).

New measurements of sulfur isotopes in rivers were made 
by MC-ICP-MS on a Neptune Plus at Caltech (Paris et al., 2013). 
Measurement by MC-ICP-MS reduces sample size requirements by 
three orders of magnitude over traditional gas source mass spec-
trometric methods, and thus only 20 nmol of sulfate were needed 
for each sample. Typical rivers have micromolar concentrations of 
sulfate, thus sample sizes were in the range of 100 μL to a few mL 
of river water depending on concentration. An in-house sodium 
sulfate solution was used as a bracketing standard on the MC-ICP-
MS to correct for instrumental mass bias. Consistency in chemical 
preparation and isotope measurement was monitored with multi-
ple full replicates of a seawater standard (21.04 ± 0.17� V-CDT 2 
s.d.; n = 20) and an in-house consistency standard from a filtered 
river water sample collected from the headwaters of the Arroyo 
Seco in Angeles National Forest, California near Switzer Falls (4.11 
± 0.24� V-CDT 2 s.d.; n = 10).

Complete chemistry blanks were monitored along with every 
set of 10 samples, and contained an average of 0.1 nmol of sul-
fate. As the smallest samples measured had 20 nmol of sulfate, the 
blank contamination contributes at most 0.5% of the total sulfate 
measured, and typically contributes closer to 0.1%, as most samples 
were analyzed with at least 100 nmol of sulfate. The δ34S value of 
the blank is typically close to zero, with a long-term average for 
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Fig. 1. Global map of measured and compiled main stem river δ34S values (�, V-CDT) that contribute to the global flux-weighted average of 4.4�. The variation seen 
between these major rivers relates to differences in catchment geology.
all blanks of 2.4 ± 6.5� (2 s.d.; n = 16). The measured δ34S of 
all river samples have been blank corrected with the average of all 
blanks, and the uncertainty on both the amount of blank and its 
isotopic ratio is propagated through to the final uncertainties on 
the riverine δ34S values.

Global average δ34S values were calculated based on the data 
in Supplementary Table 2. Sulfate fluxes were calculated for these 
main stem rivers by multiplying sulfate concentration by discharge, 
and these fluxes were used to calculate the global flux-weighted 
average and standard deviation of δ34S.

2.2. End-member weathering calculation

Previous studies have used coupled δ34S and δ18O in sulfate to 
estimate OWP fluxes in individual river catchments (e.g. Karim and 
Veizer, 2000; Calmels et al., 2007; Turchyn et al., 2013). These esti-
mates do not rely on knowing the δ34S of the pyrite being weath-
ered which can have a large range within an individual basin (e.g. 
Calmels et al., 2007). This is a very powerful technique, but mea-
surement by gas source mass spectrometry requires larger sample 
sizes and has only been used on a few rivers, in contrast to the 
numerous δ34S measurements on riverine sulfate that have been 
previously published. Thus, to maximize the number of rivers in-
cluded in our global database (Supplementary Table 2), we used 
riverine δ34S and major anion and cation concentrations in an end-
member weathering calculation following Gaillardet et al. (1999)
to further constrain the global budget of sulfide weathering.

Rivers that were either measured or compiled for δ34S that also 
had Cl, Na, Mg, Ca, and Sr concentration data (42 rivers total, rep-
resenting 41% of the global riverine discharge) were included in 
this end-member decomposition. A correction for atmospheric de-
position from rainwater was made following Gaillardet et al. (1997)
based on the Cl concentration of the river. Each river was assigned 
a critical value of Cl (ranging from 20 to 100 μM, Supplemen-
tary Table 2) based on the evapotranspiration factor of the river 
basin or nearby rivers calculated from the GEMS-GLORI database 
(Meybeck and Ragu, 1995), and typical values of Cl concentration 
in rainwater (14 μM, Moller, 1990). If the concentration of Cl in the 
river was less than the critical value of Cl, then all of the Cl in that 
river was attributed to rainwater and typical rainwater ratios of Na 
to Cl (1.15) were used to determine the rainwater-derived fraction 
of Na for that river. The remaining Na in the river was assumed to 
come from the weathering of silicates, carbonates, and evaporites. 
If the concentration of Cl in the river was greater than the critical 
Table 1
End-member molar ratios (±2 s.d.).

Molar 
ratio

Rain Silicate Carbonate Evaporite

Ca/Na 0.023 ± 0.01 0.35 ± 0.25 60 ± 30 0.5 ± 0.5
Mg/Na 0.11 ± 0.01 0.25 ± 0.2 30 ± 15 0.1 ± 0.08
Sr/Na 0.0002 ± 0.0001 0.003 ± 0.001 0.04 ± 0.02 0.003 ± 0.002
Cl/Na 1.15 ± 0.1 – – 1 ± 0.2
S/Na 0.06 ± 0.01 0.019 ± 0.005 0.06 ± 0.03 0.4 ± 0.2

value, it was assumed that the contribution of Cl from rainwater 
was equal to the critical value for that river, with the remaining 
Cl sourced from evaporites. Following the approach of Gaillardet 
et al. (1999), we then used a series of linear equations to solve 
for the proportions of sodium in the river that are attributed to 
evaporite, carbonate, and silicate weathering. The linear equations 
for each river were solved 10,000 times using a random sampling 
of weathering end-member values from a normal distribution of 
the values and associated uncertainties listed in Table 1. The me-
dian and standard deviation of these Monte Carlo simulations were 
used as the end-member fraction and uncertainty for each river 
(see Supplementary Information).

We calculated the proportion of sulfate that could be attributed 
to each end-member using the S/Na in the end-members (Table 1) 
and the S/Na measured in the rivers following equation (1):

Si = ( S
Na )iαi

( S
Na )riv

(1)

where (S/Na) are molar ratios of sulfur to sodium, the subscript i
refers to the silicate, evaporite, carbonate, and rainwater end-
members (Table 1), the subscript riv refers to the riverine molar 
ratio, α is the fraction of sodium attributed to each of the end-
members (i) from the end-member weathering calculation, and Si
is the fraction of sulfate in the river attributed to each of the end-
members (i). Any sulfate that cannot be attributed to one of the 
four end-members, we call “excess sulfate”. We used Monte Carlo 
simulations using the end-member values and uncertainties from 
Table 1 as described above.

Results of this calculation are sensitive to the end-member 
ratios selected, especially for evaporites, which can vary widely. 
We use the Ca/Na, Mg/Na, and Sr/Na end-member ratios for sil-
icates and carbonates from Gaillardet et al. (1999) and Negrel et 
al. (1993), and rainwater ratios from Berner and Berner (1996)
and Gaillardet et al. (1999). For evaporites, we calculate mo-
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Fig. 2. (a) δ34S values (�, V-CDT) of all rivers measured versus the inverse concentration (μM−1) of sulfate (black x). Rivers designated as main stem rivers (compiled or 
measured) are shown as blue squares. Rivers identified as being polluted (section 4.1) are circled in red. Note the change in scale on the X-axis after the break. (b) Same as 
above but plotted against the Na/S molar value of the riverine dissolved load. (For interpretation of the colors in the figure(s), the reader is referred to the web version of 
this article.)
lar ratios based on mineral abundances in evaporites given in 
Lerman et al. (2007), assuming congruent weathering of evapor-
ites. These evaporite based ratios are consistent with the me-
dian ratio calculated from rivers that drain evaporites (Meybeck, 
1979, 1984), giving additional support for our choice of end-
members.1 The S/Na value for carbonates is based on the S/Ca 
molar ratio of 0.001 in marine carbonates (Volkov and Rozanov, 
1983) and the Ca/Na value of carbonates of 60 (Negrel et al., 1993). 
Finally, the S/Na value of the silicate end-member is calculated 
from global estimates of the abundance of S and Na2O in conti-
nental igneous and metamorphic rocks (Holser and Kaplan, 1966;
Rudnick and Gao, 2003). This estimate of S/Na in silicate rocks de-
liberately does not include sedimentary sulfides (e.g. from shales). 
Consequently, any sulfate derived from oxidative weathering of 
sedimentary pyrite would be incorporated into the excess sulfate 
parameter described above.

3. Results

The river waters analyzed in this study yield a large range of 
δ34S values, between −13.4� and 21.7� (Figs. 1 and 2), and rep-

1 The one exception to this statement is evaporite Mg/Na. The Mg/Na ratio based 
on mineral abundances is 0.03, while the median Mg/Na ratio from rivers draining 
evaporites is 0.1. However, the final results are not sensitive to the choice of this 
parameter, with only a 0.02 Tmol/y difference in the estimate of the global flux of 
sulfate from evaporites, well within the uncertainty of the calculation (0.2 Tmol/y).
resent more than 46% of the global water discharge to the ocean 
(3.88 × 104 km3/y, Peucker-Ehrenbrink, 2009). This dataset in-
cludes smaller tributaries, as well as time series measurements 
from individual major rivers (Fraser, Lena, Ob’, Yenisei, Yukon, 
Mackenzie, Kolyma, and Congo rivers). Within an individual river 
basin, there can be a large range in the δ34S of tributaries. For in-
stance, δ34S values from the Congo River and its tributaries range 
from 3.7 to 12.5� (n = 7), those from the Ganges River system 
range from −1 to 13.3� (n = 3), and those in the Amazon River 
basin range from 4.5 to 13.4� (n = 19), though most of the Ama-
zonian tributaries have a narrow range of 4.5 to 7� (n = 16), 
consistent with the findings of Longinelli and Edmond (1983).

The δ34S measured in river time series samples can also show 
a large range, highlighting temporal heterogeneity in the isotopic 
composition of riverine sulfate, that is likely driven by varying con-
tributions from tributaries that drain different lithologies (Fig. 3). 
For instance the δ34S of the Lena River has a range of 7� between 
May and November, the δ34S of the Mackenzie River has a range 
of 4.5� between March and September, and the δ34S of the Fraser 
River has a range of 5� over the course of a year (Supplemen-
tary Table 1; Fig. 3). In contrast, time series data from the Congo, 
Kolyma, Ob’, Yenisei, and Yukon rivers have more constant (<2�
variation) δ34S over the course of several months to a year (Sup-
plementary Table 1).

The flux-weighted average of the rivers gives a δ34S value of 4.4 
± 4.5� (1 s.d.). If polluted rivers (identified by having excess chlo-
ride relative to sodium concentrations such that ([Na]–[Cl])/[Cl] <
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Fig. 3. Time series data from Fraser River samples collected between June 2010 
and August 2011. (a) Freshwater discharge (m3/s), (b) sulfate concentration (μM); 
(c) δ34S values (�, V-CDT), (d) 87Sr/86Sr from Voss et al. (2014).

0.1; see section 4.1) are excluded2 from this estimate, the aver-
age δ34S of riverine sulfate is 4.8 ± 4.9�, and accounts for more 
than 43% of the water discharge to the ocean. The similarity be-
tween these two values suggests that the most polluted rivers do 
not meaningfully change the estimate of the global riverine δ34S 
value. We therefore take the value of 4.8� as our best estimate 
of the modern pre-anthropogenic δ34S value of river water. The 
flux-weighted distribution of the isotopic composition of riverine 
sulfate (Fig. 4) shows that half of the rivers have δ34S values be-
tween 1.8 and 8.2� (interquartile range), including the rivers with 
the largest flux of sulfate (Amazon and Yangtze rivers). Notable ex-
ceptions to this include the Mississippi and Lena rivers, which con-
tribute a large flux of sulfate to the oceans, but have low (−5�) 
and high δ34S (19�) values, respectively.

We can assess how representative our subset of rivers is of 
global riverine discharge by comparing the flux-weighted Mg/Na 
and Ca/Na ratios and strontium isotopes from our dataset with 
global estimates of these values from previously published stud-
ies. Our flux weighted Mg/Na ratio of 0.66 and Ca/Na ratio of 1.63 
are within the range of previous global estimates of these values 

2 The only river with sufficient data to estimate a pre-anthropogenic, natural δ34S 
and flux of sulfate is the Mississippi River. Killingsworth and Bao (2015) used an 
isotope mixing model to estimate a pre-anthropogenic δ34S = −5�, and a con-
centration of sulfate of 115 μM. This pre-anthropogenic estimate is lower than the 
measured δ34S = −0.72� and sulfate concentration of 462 μM from this study 
(which is similar to the isotope and concentration measurements from 2009 to 
2013, from Killingsworth and Bao, 2015).
Fig. 4. Stacked bar graph showing the δ34S values (�, VCDT) and the flux of sulfate 
from individual main stem rivers that contribute to the global flux-weighted average 
δ34S value of 4.4�. Each color represents a different river.

of 0.57 to 0.70 and 1.32 to 1.67, respectively (Meybeck and Ragu, 
1995; Miller et al., 2011). The same is true if we scale the river 
fluxes by the large scale drainage regions (Graham et al., 1999;
Peucker-Ehrenbrink and Miller, 2007) following Miller et al. (2011). 
In this case, our subset of rivers yields a Mg/Na ratio of 0.68 
and a Ca/Na ratio of 1.70, compared to previously published val-
ues of 0.55 to 0.71 and 1.27 to 1.74, respectively (Meybeck and 
Ragu, 1995; Miller et al., 2011). Thus, our elemental ratios sup-
port the use of this subset of rivers for global budget estimates. 
The flux weighted average 87Sr/86Sr ratio from our subset of rivers 
with published ratios (40% of global water discharge) is 0.7115, 
slightly higher than estimates of global riverine 87Sr/86Sr (0.7111 
to 0.7114; Vance et al., 2009; Peucker-Ehrenbrink et al., 2010). The 
slightly more radiogenic 87Sr/86Sr value likely reflects an underrep-
resentation of younger, more volcanically dominated river basins 
(e.g. smaller rivers on volcanic islands and along active margins) in 
our subset of rivers. This might bias our estimate of global riverine 
δ34S to higher values, but the effect is likely small given that rivers 
draining volcanic islands (e.g. Reunion, Iceland) have relatively low 
concentrations of sulfate (34–70 μM) and have δ34S values only 
slightly (1–3�) lower than our global average (Supplementary Ta-
bles 1 and 2).

3.1. Weathering end-member decomposition

End-member decomposition allows us to tease apart the differ-
ent sources of sulfate to rivers. A plot of δ34S of riverine sulfate 
versus the percentage of Na derived from silicate weathering il-
lustrates the importance of pyrite weathering in influencing the 
sulfur isotopic composition of rivers (Fig. 5). For rivers with no Na 
derived from silicate weathering, the only other two sources of Na 
are evaporite and carbonate minerals. As both of these lithologies 
reflect the sulfur isotopic composition of seawater when they were 
formed, they should both have high δ34S values (∼17�; Holser 
and Kaplan, 1966). Similarly, for rivers that derive 100% of their Na 
from silicate weathering (none from evaporites or carbonates), the 
δ34S of river water should be similar to the silicate value of 4�
(Holser and Kaplan, 1966). These two end-members determine the 
red mixing lines in Fig. 5. Most data plot below these mixing lines, 
implying a 34S-depleted source of sulfate to the rivers that does 
not also add Na. The oxidative weathering of sedimentary pyrite 
could reasonably constitute such a source.
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Fig. 5. Riverine δ34S values (�, V-CDT) of main stem rivers as a function of the per-
cent of Na attributed to silicate weathering from the end-member decomposition. 
The red solid line is the predicted δ34S based on a riverine isotope mass balance, 
using the S/Na end-member ratios from Table 1, and assuming that the δ34S value 
of silicate rocks is 4�, that the δ34S value of evaporites is 17�, and that there is 
no contribution of Na from carbonates. The red dashed line is the predicted δ34S 
based on a riverine isotope mass balance, using the S/Na end-member ratios from 
Table 1, and assuming that the δ34S value of silicate rocks is 4�, that the δ34S 
value of evaporites and carbonates is 17�, and that carbonates contribute 12% of 
the Na (maximum contribution found for all rivers in this study), with the remain-
der coming from silicates and evaporites.

We further quantify the sources of sulfate to rivers by using 
the end-member values of S/Na from Table 1 and Equation (1)
to convert fractional contributions of Na from the different end-
members into fractional contributions of S from the different end-
members. Based on our end-member decomposition, evaporite 
weathering contributes 31 ± 6% (1.5 ± 0.2 Tmol/y) to the global 
riverine sulfate budget. We find that the contribution of rainwa-
ter sulfate to rivers in our database is minor, contributing about 
1.6% (0.07 Tmol/y) to the total riverine sulfate flux, consistent 
with independent estimates of the contribution of cyclic sea salts 
(0.09–0.13 Tmol/y; Eriksson, 1963; Berner and Berner, 1996) to 
riverine sulfate. The contribution of carbonate and silicate weath-
ering is also minor with only 0.01 and 0.09 Tmol/y derived from 
each of those end-members, respectively.

The remaining sulfate in each river that cannot be readily at-
tributed to carbonate, silicate, and evaporite weathering, or to 
rainwater (sea-salt) constitutes a parameter we call “excess sul-
fate”. This “excess sulfate” is a combination of the other major 
sources of sulfate to rivers: pollution, volcanic atmospheric depo-
sition, biogenic emissions, and the oxidative weathering of sedi-
mentary pyrite. This relative contribution of excess sulfate ranges 
from 0 to more than 97% of the sulfate flux for all rivers, with the 
exception of the Narmada and Tapti rivers, which have negative ex-
cess sulfate values. A negative excess sulfate value implies that the 
sulfate in those rivers can be more than accounted for by weath-
ering of the three end-members and rainwater inputs, and thus 
could indicate an unidentified sink for sulfate along the river (e.g. 
in the river flood plain). For example, from sulfur isotope data it 
was suggested that removal of riverine sulfate might occur via sul-
fate reduction and sulfide precipitation in weakly developed soils 
in the Marsyandi River catchment in the Himalaya (Turchyn et al., 
2013). However, the extent to which this process occurs in other 
river systems remains to be established (Torres et al., 2016). The 
excess sulfate values thus represent minimum values, and for the 
remainder of this study we will ignore the two rivers in our com-
pilation that have a negative excess sulfate.
The flux weighted global percentage of excess sulfate is 65 ±
6% (3.1 ± 0.2 Tmol/y), which is dominated by pyrite weathering 
and pollution. The contributions to riverine sulfate from volca-
noes and biogenic emissions are both relatively small (0.34 and 
0.14 Tmol/y, respectively; Berner and Berner, 1996). Using an es-
timate of the pollutive sulfate in rivers of 1.3 Tmol/y (Meybeck, 
2003), we estimate that the global contribution of oxidative weath-
ering of pyrite to riverine sulfate is 1.3 Tmol/y, or about 28% of the 
total sulfate flux from all sources to the ocean (4.7 Tmol/y), and 
46% of the flux of sulfate from weathering (i.e. 2.8 Tmol/y, exclud-
ing sulfate from pollution, volcanoes, biogenic emissions, and cyclic 
sea salts).

4. Discussion

4.1. Controls on riverine sulfate δ34 S

The highest δ34S values measured (14.4 to 21.7�) come from 
the Lena and Yenisei rivers which drain the Siberian Platform—a 
region of large evaporite and carbonate platforms deposited from 
late Proterozoic through Paleozoic time (Huh et al., 1998b). Since 
these rocks are abundant in sulfate phases derived from seawater, 
they are characterized by relatively high δ34S values. The sulfate 
minerals weather readily, resulting in both high concentrations of 
sulfate and high δ34S values for these rivers. The lowest δ34S values 
(−8.5 to −13.4�) come from tributaries of the Santa Clara River 
(e.g. Sespe) in Southern California, which weather sandstones, silt-
stones, and organic-rich shales of the Monterey Formation and 
equivalent units. Sedimentary evaporites are absent from the un-
derlying strata, and thus sulfate in these rivers is likely dominated 
by the oxidation of pyrite and organic sulfur molecules, which, due 
to the biological isotope fractionations associated with sulfate re-
duction in organic-rich sediments during their diagenesis and lithi-
fication, results in lower overall δ34S values. The lowest δ34S values 
measured in major rivers come from the Orinoco (−5.1�) and the 
Kolyma (−4.2 to −5.6�) rivers, which also drain catchments rich 
in sedimentary rocks, including black shales (Edmond et al., 1996;
Huh et al., 1998a). These examples are consistent with the notion 
that local lithology plays a key role in setting the sulfur isotopic 
composition of rivers, and the important role of black shale weath-
ering in the sulfur budget.

Plots of the δ34S versus inverse concentration of sulfate and 
versus the riverine Na/S ratio (Fig. 2) show a triangular pattern, 
indicative of at least three end-members contributing to sulfate 
in rivers. The most sulfate-rich rivers span a wide range of δ34S 
values (−13 to 21�), whereas the rivers with the lowest sulfate 
concentrations cluster tightly between ∼5–10�. Rivers plotting in 
the high concentration-high δ34S region, such as the Lena River, 
are likely dominated by sulfate minerals weathered from evapor-
ites. Gypsum (CaSO4) dissolves easily, and rivers draining evapor-
itic rocks usually have high concentrations of total dissolved solids, 
including sulfate. These rivers have Na/S values ranging between 
1.7 and 5, consistent with an evaporite end-member.

Rivers plotting in the high concentration-low δ34S region could 
have sulfate sources dominated by the oxidative weathering of 
pyrite, which has low δ34S values, or by pollution, which is often 
cited in the literature as having low or negative δ34S signatures 
(e.g. Ivanov et al., 1983). We screened for polluted rivers using an-
cillary anion and cation data (Fiege et al., 2009; Miller et al., 2011;
Voss et al., 2014; Peterson et al., 2016). If the value of ([Na] −
[Cl])/[Cl] is less than 0.1, then the river is considered polluted. The 
main sources of Cl to rivers are sea salt aerosols, evaporites, and 
pollution. As both sea salt aerosols and evaporites deliver Na and 
Cl in roughly equal proportions, an excess of Cl relative to Na may 
be indicative of a polluted river. The following rivers have high 
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Cl relative to Na: Connecticut, Danube, Indus, Doubs, Lena, Missis-
sippi, Neman, Rhine, Seine, and St. Lawrence. These rivers are also 
located near large human populations or near industrial centers. 
The one exception to this is the Lena River, which is influenced 
by Cl-rich brines (Gaillardet et al., 1999). As shown in Fig. 2, the 
polluted rivers tend to have high sulfate concentrations (>100 μM, 
with the exception of the Doubs whose main sulfate sources are 
atmospheric (Calmels et al., 2014)). However, there is a large range 
of δ34S for these rivers; thus they do not simply populate the bot-
tom left of the graph, as would be expected if pollution always 
had a low δ34S signature. Indeed, measurements of δ34S on oil, 
gas, coal and sulfide ores range from −25 to +30� (Newman 
et al., 1991), and δ34S of fertilizers, another anthropogenic sul-
fate source, can range from −6.5 to 20.7� (Vitoria et al., 2004;
Szynkiewicz et al., 2011). Since pollution cannot be the sole rea-
son for the high sulfate concentration and low δ34S, it follows that 
the oxidation of pyrite is a major source of sulfate to these rivers. 
This is consistent with the abundance of shales and pyrites in the 
catchment areas of the rivers (e.g. the Kolyma (Huh et al., 1998a), 
Orinoco (Edmond et al., 1996), Buller (Robinson and Bottrell, 1997), 
Kaoping (Das et al., 2012), Skeena (Spence and Telmer, 2005), and 
Stikine rivers (Calmels et al., 2007)).

Rivers and tributaries with low concentrations of sulfate (e.g. 
Amazon, Congo, and Niger rivers) tend to have δ34S values of 
5–10� (Fig. 2). The low sulfate concentrations likely reflect the 
lack of any significant weathering of evaporites or pyrite-rich 
shales in these drainage basins. Their low concentration of sul-
fate could also be attributed in part to the large flow of water 
and the dilution of solutes, as the concentration of total dissolved 
solids for these rivers is low at 35–59 mg/L (Meybeck and Ragu, 
1995). However, the small range of δ34S values indicates a similar 
source of sulfate to the rivers, leaving us to conclude that silicate 
weathering of igneous rock and atmospheric deposition of sulfate 
(sea salts) are the major sources of sulfate to these rivers and 
tributaries, consistent with previous studies (Negrel et al., 1993;
Gaillardet et al., 1997). Rivers with a high ratio of Na/S also plot 
within this narrower range of δ34S, consistent with a silicate or 
atmospheric source.

The wide range in δ34S from tributaries from an individual 
river basin (e.g. Congo, Ganges, Mackenzie) highlights the spa-
tial heterogeneity of sulfur sources to rivers, that is most likely 
controlled by heterogeneity of the bedrock geology—and commen-
surate differences in the isotopic composition of the sulfur-bearing 
phases—in their catchments. The differences in the temporal vari-
ability of δ34S between individual river basins indicate that some 
rivers (e.g. Lena, Mackenzie, and Fraser) have weathering condi-
tions that are more heterogeneous than other river basins with 
more constant δ34S, and that the varied lithologies in these river 
catchments contribute differently to the dissolved load at distinct 
times throughout the year. For instance, in the case of the Fraser 
River (Fig. 3), the δ34S of sulfate over the course of a year shows a 
strong correlation (r2 = 0.88) with the dissolved 87Sr/86Sr ratio in 
these waters (Voss et al., 2014). Dissolved 87Sr/86Sr values decrease 
along the flow path of the Fraser River reflecting the underlying 
geology, as the river flows from Precambrian/Paleozoic sedimen-
tary rocks of the Rocky Mountains, through the young, magmatic 
and metamorphic rocks of the Coast Range (Cameron and Hattori, 
1997). The time series data indicate a greater relative contribution 
of the Coast Range to the dissolved ion budget during the win-
ter. The sulfur isotope compositions imply that during the winter 
months, more sulfate is derived from the oxidative weathering of 
34S-poor sulfide-bearing phases in the Coast Range, whereas dur-
ing the summer a greater proportion of the sulfate derives from 
sulfate minerals within Paleozoic strata.

The importance of pyrite weathering in setting the δ34S value 
of rivers globally can be seen in Fig. 6. This figure shows the 
Fig. 6. Plot of predicted δ34S values (based on assumptions of end-members from 
mixing model, see section 4.1) versus measured δ34S values (�, V-CDT). The black 
line is the 1:1 line. The colors indicate the fraction of excess sulfate. Rivers plotting 
to the left of the line have more negative δ34S values than predicted, and thus are 
likely influenced by oxidative weathering of pyrite.

relationship between the measured δ34S values versus the δ34S 
values predicted from a sulfur isotope mass balance in each river 
based on the weathering end-member decomposition. This sulfur 
isotope mass balance uses the proportion of sulfate derived from 
the weathering and rain water end-members and assumes end-
member δ34S values of 17� for evaporite and carbonate weath-
ering, 4� for silicate weathering, and 20� for rainwater (Holser 
and Kaplan, 1966; Herut et al., 1995). The 1:1 line in Fig. 6 indi-
cates rivers whose measured δ34S values can be entirely accounted 
for by sulfur input from sources besides pyrite weathering and pol-
lution. Most rivers plot to the left of this line indicating that the 
measured values of δ34S are lower than predicted. Furthermore, 
the rivers that plot farthest from the line have large excess sulfate 
proportions (calculated from the end-member decomposition), im-
plying that the sulfur isotopic composition of this excess sulfate 
has a low δ34S value, consistent with a pyrite source.3

4.2. Global dissolved sulfur isotope mass balance for rivers

The riverine δ34S values reported here (4.4 ± 4.5� and 4.8 ±
4.9� excluding the most polluted rivers) are lower than the pre-
vious compilation value from Eurasian rivers of 9� (Ivanov et al., 
1983) and the values of 7 to 8� typically used in models of the 
global sulfur cycle (e.g. Kump and Garrels, 1986; Kurtz et al., 2003;
Halevy et al., 2012). At face value these lower values of the δ34S 
of rivers imply that a greater fraction of riverine sulfate derives 
from reduced sources (e.g. pyrite) than previously estimated. This 
finding is in line with recent studies illustrating the high relative 
contribution of oxidative weathering of pyrite to riverine sulfate 
based on detailed studies of individual river basins (e.g. Macken-
zie (Calmels et al., 2007), Kaoping (Das et al., 2012), Marysandi 
(Turchyn et al., 2013), Amazon (Torres et al., 2016) and Ganges–
Brahmaputra (Galy and France-Lanord, 1999)), and we can now 
expand those conclusions to the global budget.

Using a simple terrestrial weathering isotope mass balance akin 
to that used in Kump and Garrels (1986), we can calculate the 
fraction of pyrite weathering contributing to riverine sulfate:

3 Note that the most polluted rivers (see text) have been excluded from these 
calculations and figures.
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fowp = −(δevap − δriv)/(δpy − δevap) (2)

where fowp is the fraction of pyrite-derived sulfate, δevap is the 
δ34S of evaporite (17�; Holser and Kaplan, 1966), δriv is the δ34S 
of riverine sulfate (4.8�, above), and δpy is the δ34S of pyrite from 
sedimentary rocks (−12�; Holser and Kaplan, 1966). This gives 
a f owp in rivers of 0.42, substantially higher than the estimate of 
f owp of 0.28 if the riverine δ34S value is taken to be 9� (Ivanov, 
1983).

These estimates are very sensitive to the assumption of the 
end-member δ34S values of the oxidized (sulfate salts) and re-
duced (sulfide and disulfide) sedimentary reservoirs, which are 
difficult to constrain from a global perspective. Estimates of the 
global δ34S values of oxidized S in sediments range from 12.1�
to 19�, and of reduced sediments from −7.4� to −16� (Holser 
et al., 1988 and references therein). These different combinations 
of δevap and δpy give a range of fowp between 0.35 to 0.42 (com-
pared to f owp = 0.16 to 0.29 if the river δ34S value is taken to be 
9�), with a median f owp of 0.41. Despite the large uncertainties 
in the correct end-member isotope values, the estimate of f owp
= 0.41 is broadly consistent with the independently derived fluxes 
from the weathering end-member decomposition that indicate that 
pyrite weathering contributes up to 46% of the sulfate flux in rivers 
due to weathering. The weathering end-member decomposition is 
based solely on major ion concentrations and not isotope values, 
and so is independent of the isotope mass balance calculation in 
Equation (2).

4.3. Implications for the modern sulfur cycle and marine isotope mass 
balance

Our flux estimate of riverine sulfate from evaporite weather-
ing (1.5 Tmol/y) that we derived from weathering end-member 
decomposition is larger than the assumed value of 1 Tmol/y of 
sulfate weathering by Berner and Raiswell (1983) and Garrels and 
Lerman (1981), which is widely used in box models of the sul-
fur cycle and is smaller than the value estimated more recently 
by Lerman et al. (2007) (1.98 Tmol/y). Our estimate of the sulfide 
weathering flux from the weathering end-member decomposition 
(1.3 Tmol/y) is about twice as large as the commonly cited esti-
mates of the global OWP flux (0.5–0.64 Tmol/y; Berner and Berner, 
1996; Lerman et al., 2007), and is consistent with our estimate 
from an isotope mass balance discussed in the previous section 
that is based on the revised global average riverine δ34S value of 
4.8�. Thus the isotope and river chemistry data independently im-
ply a larger contribution of oxidative weathering of pyrite to the 
riverine sulfate flux than previously estimated.4

It can be informative to investigate the derivation of previous 
estimates of the sulfate flux from OWP in order to understand why 
they were significantly lower than our new value. Previous esti-
mates of global OWP from Berner and Berner (1996) and Lerman 
et al. (2007) both relied on assumptions of the relative abundance 
of pyrite in sedimentary rocks, though they do this differently. The 
0.5 Tmol/y estimate (Berner and Berner, 1996) assumed that the 
riverine ratio of calcium from weathering of sedimentary rocks to 
pyrite-derived sulfate must be the same as the ratio of calcium to 
pyrite sulfur in common sedimentary rocks (which was taken to be 
8.5 and 0.3 weight % of calcium and pyrite-S, giving a molar pyrite-
S/Ca ratio of 0.04; Garrels and Lerman, 1984). The molar ratios of 
excess sulfate/Ca from our end-member decomposition are more 
typically around 0.1 and can be as high as 0.6 for catchments with 

4 In order to close the riverine sulfate budget, previous estimates attributed any 
remaining sulfate that did not derive from pyrite or evaporite weathering to pollu-
tion (e.g. Berner and Berner, 1996), rather than using an independent estimate of 
sulfate pollution (Meybeck, 2003) as we have done here.
Fig. 7. Sensitivity of the proportion of sulfur buried in marine basins as pyrite ( f pyr) 
as a function of the fractionation (�pyrite-seawater, �) between reduced and oxidized 
sulfur for a given riverine sulfate δ34S value, and assuming steady state isotope mass 
balance in the ocean. The red line with stars represents our estimate of the modern 
riverine δ34S value from this study (4.8�). Previous compilations of the riverine 
δ34S value were higher (∼9�, black circles; Ivanov et al., 1983). Estimates of the 
relative contribution of weathering of pyrite ( f owp) to modern riverine sulfate from 
our two independent approaches are shown for reference ( f owp = 0.46 (solid line, 
based on our weathering end-member decomposition from major ion chemistry of 
the rivers) and f owp = 0.41 (dashed line, based on riverine isotope mass balance)).

abundant shales (e.g. Kolyma (Huh et al., 1998a), Orinoco (Edmond 
et al., 1996), and Kaoping (Das et al., 2012)). Thus the assumed ra-
tio of calcium to pyrite sulfur in common sedimentary rocks might 
not fully account for the presence of pyrite-rich shales. The OWP 
flux estimate of 0.64 Tmol/y (Lerman et al., 2007) assumes that 
24% of sedimentary sulfur is in the reduced form of pyrite. This 
percentage is significantly lower than previous estimates, which 
are closer to 50% (e.g. Holser et al., 1988 and references therein). 
Thus both of these prior studies potentially underestimated the 
global abundance of pyrite sulfur in sedimentary rocks by a factor 
of two, which could help to explain the underestimation of global 
OWP fluxes.

Our revised estimate of the OWP flux is similar to the esti-
mate of global pyrite burial in ocean sediments calculated from 
estimates of global organic carbon burial and the C/S value in mod-
ern sediments (1.22 Tmol/y; Berner, 1982). It is also similar to the 
upper range of estimates of pyrite burial (36% of the total natu-
ral, pre-anthropogenic flux) based on marine isotope mass balance 
and constraints from marine δ33S (Tostevin et al., 2014). Our up-
ward revision of global pyrite weathering brings the oceanic input 
and output of reduced sulfur, which previously differed by a factor 
of 2, into close agreement.

The uncertainties on these modern fluxes from the weathering 
end-member decomposition of river anion and cation concentra-
tion data are still too large (0.2 Tmol/y) to assess whether the 
modern sulfur cycle is in steady state with regard to the relative 
amounts of oxidized and reduced sulfur that are weathered and 
buried. However, if we assume steady-state, our new riverine δ34S 
value can be used in a marine isotope mass balance that solves for 
the fraction of the sulfate removed from the ocean through pyrite 
burial ( f pyr):

fpyr = (δriv − δsw)/
(
�34

pyrite-seawater
)

(3)

where δsw is the δ34S of seawater (21�; Paris et al., 2013) and 
�34

pyrite-seawater is the isotope fractionation between seawater sul-
fate and sedimentary pyrite in the modern ocean (δpy − δsw). 
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A plot of the solutions to Equation (3) for our new value for δriv
(4.8�) and the previous value for δriv (9�) is shown in Fig. 7 for 
a range of �34

pyrite-seawater. Our lower value of δriv = 4.8� implies 
that there is a greater fraction of pyrite burial than previously pre-
dicted based on a δriv = 9�. Using this model to determine a 
specific value for the modern fraction of pyrite burial is not cur-
rently possible because the global average value of �34

pyrite-seawater

is difficult to constrain given the large range of δ34S values mea-
sured in modern pyrites.

If, however, we assume that the fraction of pyrite burial ( f pyr) 
is equivalent to the fraction of pyrite weathered ( f owp) as calcu-
lated either by the weathering end-member decomposition from 
major ion chemistry (0.46) or riverine isotope mass balance (0.41), 
then our data suggest that �34

pyrite-seawater should be −35� or 
−39�, respectively. These estimates are roughly consistent with 
canonical assumptions of, �34

pyrite-seawater = −35� (e.g. Garrels 
and Lerman, 1981), but are much more positive than flux weighted 
estimates of this value based on pyrite measurements from mod-
ern continental shelf, slope, and rise sediments (�34

pyrite-seawater =
−48�; Yu Lein et al., 1983). Modeling studies that use constraints 
from δ33S also predict a greater difference between the δ34S values 
of seawater and bulk pyrite buried (�34

pyrite-seawater = −56 ± 5�) 
(Tostevin et al., 2014). These larger offsets in the isotopic compo-
sition of seawater and buried pyrite would imply that the fraction 
of pyrite buried is 0.29 and 0.34 for �34

pyrite-seawater = −56 and 
�34

pyrite-seawater = −48, respectively (Fig. 7), significantly less than 
our two independent estimates of the fraction of pyrite weath-
ered. If correct, these estimates indicate that the biogeochemical 
sulfur cycle may not be balanced, and that more pyrite is being 
weathered than is being buried in modern marine sediments. This 
conclusion would be consistent with recent ice core evidence that 
shows a decrease in atmospheric O2 over the past 800,000 years 
(Stolper et al., 2016). The magnitude of the imbalance between 
weathering and burial fluxes of reduced carbon and sulfur that is 
required to explain the long term oxygen trend in ice cores is ∼2% 
(Stolper et al., 2016); this number is well within uncertainties of 
the weathering flux estimates (∼0.2 Tmol/y). However, given the 
large range of estimates of �34

pyrite-seawater more work constrain-
ing global �34

pyrite-seawater from modern sediments would help to 
resolve this issue.

Our increased estimate of global OWP means that the previ-
ously published OWP rates from three river basins (Mackenzie 
(Calmels et al., 2007), Kaoping (Das et al., 2012), and Jialing (Li 
et al., 2011)) only account for ∼12% (rather than a third) of the 
total global OWP flux estimate. Nonetheless, the fact that these 
rivers drain less than 2% of global surface area highlights the het-
erogeneity of pyrite weathering; simply put, some river basins 
will contribute disproportionately to the global pyrite weather-
ing budget, based on their tectonic and geological characteristics. 
The spatial heterogeneity of pyrite weathering thus has important 
implications for the long-term variations in the δ34S of riverine in-
put: changes in paleogeography, paleohydrology, eustasy, and the 
formation and uplift of sedimentary basins will change both the 
amounts and types of rock exposed to weathering, which in turn 
will likely change the value of riverine δ34S input to the oceans 
through time.

Finally, the increased estimate of the OWP flux has implications 
for the modern carbon cycle and carbon-weathering feedbacks. 
As pyrite oxidation coupled to carbonate weathering can provide 
a source of CO2 to the atmosphere (e.g. Calmels et al., 2007;
Lerman et al., 2007; Das et al., 2012; Torres et al., 2015, 2016), 
the greater flux of pyrite-derived sulfate indicates a more signifi-
cant role for this process in the modern biogeochemical sulfur and 
carbon cycles. Modern weathering and carbon budgets should be 
reassessed on a global scale to account for an increased global con-
tribution from OWP.
5. Conclusion

We determined the modern δ34S value of riverine sulfate to be 
4.4 ± 4.5�, based on measurements of rivers that account for 
more than 46% of global freshwater discharge. Removing highly 
polluted rivers from the estimate gives a similar δ34S value of 
riverine sulfate of 4.8 ± 4.9�. These δ34S values are lower than 
previous estimates of the isotopic composition of riverine sulfate, 
and imply a greater contribution of pyrite weathering to riverine 
sulfate than has previously been assumed. An end-member de-
composition of weathering sources to these rivers indicates that 
the relative contributions of evaporite (sulfate) and pyrite (sulfide) 
weathering to riverine sulfate budgets are ∼1.5 and 1.3 Tmol S/y, 
respectively. This estimate of pyrite weathering is twice as high 
as previous estimates, and is consistent with isotope mass balance 
constraints on the δ34S of river water that imply that ∼40% of non-
anthropogenic riverine sulfate derives from weathered pyrite. Since 
pyrite oxidation can act as a source of CO2 to the atmosphere, this 
new estimate should reduce the global carbon sink attributed to 
chemical weathering. Basin lithology exerts a strong control on the 
δ34S values of riverine sulfate, questioning the validity of assum-
ing constant δ34S of riverine input to the ocean over geological 
time. Stratigraphic trends observed in sulfur isotopes in ancient 
sedimentary rocks might therefore reflect secular changes in the 
isotopic composition of the riverine inputs, rather than changes in 
the relative burial of marine pyrite versus sulfate salt evaporites.
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