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The correlation between chemical weathering fluxes and denudation rates suggests that tectonic activity 
can force variations in atmospheric pCO2 by modulating weathering fluxes. However, the effect of 
weathering on pCO2 is not solely determined by the total mass flux. Instead, the effect of weathering on 
pCO2 also depends upon the balance between 1) alkalinity generation by carbonate and silicate mineral 
dissolution and 2) sulfuric acid generation by the oxidation of sulfide minerals. In this study, we explore 
how the balance between acid and alkalinity generation varies with tectonic uplift to better understand 
the links between tectonics and the long-term carbon cycle.
To trace weathering reactions across the transition from the Peruvian Andes to the Amazonian foreland 
basin, we measured a suite of elemental concentrations (Na, K, Ca, Mg, Sr, Si, Li, SO4, and Cl) and 
isotopic ratios (87Sr/86Sr and δ34S) on both dissolved and solid phase samples. Using an inverse model, 
we quantitatively link systematic changes in solute geochemistry with elevation to downstream declines 
in sulfuric acid weathering as well as the proportion of cations sourced from silicates. With a new 
carbonate-system framework, we show that weathering in the Andes Mountains is a CO2 source whereas 
foreland weathering is a CO2 sink. These results are consistent with the theoretical expectation that the 
ratio of sulfide oxidation to silicate weathering increases with increasing erosion. Altogether, our results 
suggest that the effect of tectonically-enhanced weathering on atmospheric pCO2 is strongly modulated 
by sulfide mineral oxidation.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The interaction between water and rock at the Earth’s sur-
face plays an important role in the biogeochemical cycling of 
carbon, sulfur, and oxygen (Berner, 1989; Lerman et al., 2007;
Berner and Berner, 2012). Silicate mineral dissolution by carbonic 
acid removes carbon from the ocean–atmosphere system by pro-
viding the cations and alkalinity necessary for the burial of car-
bonate minerals (Lerman et al., 2007; Berner and Berner, 2012). 
At the same time, minerals that are rich in reduced sulfur (e.g., 
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pyrite; FeS2) react with oxygen to produce sulfuric acid, which can 
dissolve carbonate minerals and release carbon into the ocean–
atmosphere system (Lerman et al., 2007; Calmels et al., 2007;
Torres et al., 2014). The effect of weathering on atmospheric CO2
and O2 is thus set by the relative contents of silicate, carbon-
ate, and sulfide minerals, and their reactivity at surface conditions 
(Lerman et al., 2007; Brantley et al., 2013).

While the supply of silicate, carbonate, and sulfide minerals 
available for weathering depends upon lithology, intrinsic variabil-
ity in the reaction rates of different minerals can influence their 
relative importance in weathering budgets. For example, carbonate 
and sulfide minerals, which are often present as trace constituents 
of nominally silicate bedrock, can disproportionately affect weath-
ering budgets due to their rapid dissolution kinetics (Hercod et al., 
1998; White et al., 1999; Calmels et al., 2007). Thus, the extent 
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Fig. 1. Study site. (A) Topographic map of the Kosñipata–Madre de Dios study region. The red open symbols indicate the locations of the mainstem sampling sites. Tributaries 
are shown as black filled circles. Catchment boundaries are shown as black outlines. (B) Inset showing the location of the study region within the larger Amazon system. 
(C) Topographic map of the Andean portion of the study region (i.e. the area highlighted by the white box in panel A). The locations of the Mountain-1 and Mountain-2 
sites are shown as red open base-down and base-up triangles respectively. (D & E) Geological maps of the Kosñipata–Madre de Dios study region (Mendívil Echevarría and 
Dávila Manrique, 1994; Carlotto Caillaux et al., 1996; Vargas Vilchez and Hipolito Romero, 1998; INGEMMET, 2013). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
to which reactive trace phases dominate the weathering budget 
should be sensitive to erosional and hydrologic processes, which 
together control the characteristic timescales over which weath-
ering occurs (West, 2012; Maher and Chamberlain, 2014). While 
available data are consistent with an erosional control on sulfide 
mineral oxidation fluxes (e.g., Calmels et al., 2007), only a few 
studies have investigated the effects of changing acid sources (i.e. 
carbonic vs. sulfuric) on weathering processes across environmen-
tal gradients (e.g., Galy and France-Lanord, 1999). Such studies are 
required for understanding how global biogeochemical cycles re-
spond to changes in erosional and climatic forcings.

In this study, we generate a new data set of solute concentra-
tions and isotopic ratios in order to partition the dissolved load of 
rivers draining the Andes Mountains and Amazon foreland flood-
plain in Peru between different mineral (carbonate and silicate) 
and acid (carbonic and sulfuric) sources. We establish a mixing 
model incorporating major and trace element ratios, strontium 
isotopic ratios (87Sr/86Sr), and sulfur isotopic ratios measured on 
both solid and dissolved phase samples. The results of the mixing 
model are used to determine how the effect of chemical weather-
ing on atmospheric CO2 varies across the transition from the steep 
slopes and rapid erosion in the Andes to the foreland floodplain 
of Peru, a transition that is thought to reflect a gradient in the 
timescales that minerals undergo weathering (Dosseto et al., 2006;
Torres et al., 2015).

2. Methods

2.1. Study site

In this study, we focus on the Madre de Dios River in Peru, 
its major tributaries, and its headwaters in the Andean Kosñipata 
valley (Fig. 1). The Madre de Dios River is a major tributary of 
the Madeira River, which is the second largest Amazonian river 
in terms of sulfate and bicarbonate fluxes (Gaillardet et al., 1997). 
The Kosñipata–Madre de Dios system is the focus of an on-going 
investigation of both the organic (Clark et al., 2013; Ponton et al., 
2014; Clark et al., 2016) and inorganic (Torres et al., 2015) carbon 
cycles, which provides a useful context for this study.

In order to study how weathering processes differ as a function 
of erosional forcing, we divide the Kosñipata–Madre de Dios study 
site into three regions based on the elevation of the catchment 
outlet, following Torres et al. (2015). Our divisions correspond to 
the high Andes (outlet elevation >1300 m), the Andean mountain 
front (outlet elevation >400 m), and the foreland-floodplain region 
(outlet elevation <400 m; Moquet et al., 2011). Like Torres et al.
(2015), we focus our attention on a set of nested catchments that 
span these regions. In this study, we also consider a series of trib-
utary sub-catchments utilized in Ponton et al. (2014).

To constrain weathering processes occurring in the high An-
des, we focus on the Kosñipata River sampled at the Wayqecha 
and San Pedro gauging stations (Fig. 1). The catchment area of 
the Kosñipata River is predominately underlain by Paleozoic meta-
sedimentary rocks with a minor proportion of felsic plutonic rocks 
(Fig. 1e). For simplicity, we will refer to the Kosñipata River sam-
pling sites collectively as the Mountain sites, with Mountain-1 re-
ferring to the Wayqecha gauging station and Mountain-2 referring 
to the San Pedro gauging station.

To integrate weathering processes over the entire range of el-
evations in the Peruvian Andes that contribute to the Amazo-
nian weathering budget, we focus on the Alto Madre de Dios 
River sampled at the Manu Learning Center (MLC) gauging station, 
which is at the mountain front (Fig. 1). The catchment area of the 
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Alto Madre de Dios River is predominately underlain by Paleozoic 
meta-sedimentary rocks, felsic plutonic rocks, and Paleozoic ma-
rine sedimentary rocks (Fig. 1d). We will refer to the Alto Madre 
de Dios River sampled at the Manu Learning Center (MLC) as the 
Mountain-front site.

To understand weathering processes in the foreland floodplain 
region, we focus on the Madre de Dios River sampled at the CICRA-
Los Amigos gauging station (Fig. 1). In the foreland floodplain 
region, the catchment area of the Madre de Dios River is predom-
inately underlain by sediments shed from the Andes with addi-
tional contributions from Cretaceous marine sediments and Ceno-
zoic continental deposits (Fig. 1d). We will refer to the Madre de 
Dios River sampled at the CICRA gauging station as the Foreland-
floodplain site.

For our analysis, we focus on time series data from each of 
the gauging stations (equivalent to samples discussed in Clark et 
al., 2013, 2014; Torres et al., 2015) and two elevation transects 
(wet and dry seasons; March & August 2013) that include a vari-
ety of tributary samples (see Ponton et al., 2014). In addition to 
tributaries within each of the four study catchments, the elevation 
transects include mainstem and tributary samples collected down-
stream of the Foreland-floodplain site.

Our samples were collected at different times using slightly dif-
ferent methods (see below, Appendix A.1, & Appendix A.2). As each 
analysis is introduced, the number of samples analyzed is indicated 
in parentheses. A subset of the solute concentration data used in 
this study was originally published in Torres et al. (2015). All of 
the data are included as supplementary material.

2.2. Solid phase geochemical analyses

Samples of river bank sediments and rocks were collected from 
across the entire study site in order to constrain the elemental 
and isotopic composition of different lithologic end-members. The 
details of each analytical method employed are included as supple-
mentary material. Briefly, ground sediment and rock samples were 
used to measure the concentrations of non-volatile elements us-
ing X-ray fluorescence spectroscopy (XRF; n = 25), the concentra-
tions of carbonate minerals using infrared spectroscopy on evolved 
CO2 (n = 16), and the sulfur isotopic composition of reduced sul-
fur compounds using a gas-source isotope ratio mass spectrometer 
(ThermoQuest Finnigan Delta PlusXL) after either chromium ex-
traction (n = 3; Gröger et al., 2009) or drilling macroscopic veins 
(n = 5). Replicate extractions of rock samples and pyrite standards 
revealed variability in δ34S of up to 0.2�.

Samples of un-ground riverbank sediments were also subjected 
to a sequential leaching procedure to isolate the chemical com-
position of the carbonate component (Leleyter and Probst, 1999). 
The leachates were analyzed by microwave plasma atomic emis-
sion spectroscopy (MP-AES; n = 18).

2.3. Dissolved phase geochemical analyses

All water samples were filtered using a 0.2 μm porosity mem-
brane filter within 24 h of collection and split into multiple 
aliquots. One aliquot was preserved by adding concentrated acid. 
Detailed sampling and analytical methodologies are included as 
supplementary material (Appendix A.2). Briefly, the acidified sam-
ples were analyzed for cation and Si concentrations by MP-AES 
(n = 299), sulfur isotopic composition of sulfate by multicollec-
tor inductively coupled plasma mass spectrometry (MC-ICP-MS; 
n = 75; Paris et al., 2013), and 87Sr/86Sr of dissolved Sr by MC-
ICP-MS (n = 37). For sulfur isotopes, replicate purification of river 
water samples and seawater standards revealed variability in δ34S
of up to 0.2�. For radiogenic Sr isotopes, replicate purification 
of river water samples revealed variability in 87Sr/86Sr of up to 
Fig. 2. Solid phase geochemistry. (A) Solid-phase Na/�+ and Ca/�+ . (B) Solid-phase 
Mg/�+ and Ca/�+ . Bulk sediment samples are shown as closed diamonds and un-
corrected acetic acid leachates are shown as open diamonds. Boxes show the ranges 
of elemental ratios associated with the lithologic end-members used in the mixing 
model (L = limestone, D = dolomite, G = granite, S = shale).

1 × 10−4. Un-acidified samples were analyzed for Cl and SO4 con-
centrations by ion chromatography (n = 299).

3. Results

3.1. Solid phase analyses

The solid-phase samples analyzed in this study are composed 
of a mixture of minerals and thus provide information regarding 
the lithologic sources of different solutes. Here, we focus on the 
results that allow for the chemical composition of the carbonate 
and silicate phases to be isolated. In the following sections, ratios 
with the subscript “sediment” refer to the XRF measurements of 
the bulk sediments. Ratios with the subscript “leach” refer to the 
analyses of leachates of the bulk sediments. The data will be re-
ported as the ratio of the concentration of an element to the total 
concentration of all major cations (�+; Na + K + Ca + Mg) in units 
of charge equivalents.

3.1.1. Solid phase major and trace element ratios
Bulk Na/�+

sediment , Ca/�+
sediment , Mg/�+

sediment , and Sr/�+
sediment

range from 0.08 to 0.82 eq/eq, 0.03 to 0.38 eq/eq, 0.002 to 0.50 
eq/eq, and 0.9 to 2.3 meq/eq respectively (Fig. 2). Co-variation be-
tween Na/�+

sediment and Mg/�+
sediment suggests two sample groups: 

a high Mg/�+
sediment group and a low Mg/�+

sediment group (Fig. 2b). 
Both the high and low Mg/�+

sediment groups have similar ranges of 
Ca/�+

sediment (Fig. 2b).
Measured carbonate concentrations range from 3.5 to 7080 μg 

carbonate carbon/g sediment. For some samples, carbonate con-
tents are sufficient to account for a significant proportion of the 
bulk Mg and Ca content. However, the ranges of each ratio are 
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Fig. 3. Dissolved Sr and S isotope geochemistry. In this and all subsequent figures, 
base-up triangles refer to samples from the Mountain-1 site (Kosñipata River at 
Wayqecha catchment; lightest gray), base-down triangles refer to samples from the 
Mountain-2 site (Kosñipata River at San Pedro catchment; light gray), squares re-
fer to samples from the Mountain-front site (Alto Madre de Dios River at MLC 
catchment; dark gray), and circles refer to samples from the Foreland-floodplain 
site (Madre de Dios River at CICRA catchment; darkest gray). Larger filled symbols 
correspond to mainstem samples and smaller open symbols correspond to tribu-
taries. (A) Dissolved radiogenic Sr isotope ratios. (B) Dissolved S isotope ratios. Solid 
phases S isotope ratios are shown as diamonds to the right of the plot. Gray dia-
monds refer to bulk chromium-reducible sulfur analyses (Gröger et al., 2009) and 
black diamonds refer to drilled sulfide mineral veins.

not significantly affected by excluding samples with molar carbon-
ate contents greater than 5% of the combined molar Ca and Mg 
content, which implies that variations in elemental ratios are not 
primarily driven by variable carbonate contents (Fig. 2).

All of the analyzed leachates contain Al and Si, which suggests 
that the leaching procedure affects both carbonate and silicate 
minerals. For Na/�+

leach , a strong correlation with Al concentra-
tions implies that most of the measured Na is sourced from silicate 
minerals, as expected given the low reported Na/Ca for carbonates 
(Gaillardet et al., 1997). While Mg/�+

leach and Sr/�+
leach are also pos-

itively correlated with Al concentrations, the variability in these el-
emental ratios cannot be explained by silicate contributions alone 
(Fig. 2).

3.1.2. Solid phase reduced inorganic sulfur isotope ratios
The δ34S of inorganic reduced S phases extracted from three 

bulk rock samples and five drilled sulfide veins range from −5.3 to 
+1.0� (Fig. 3b). For the three bulk samples, there is no correlation 
between δ34S and the reduced S content of the rock, which was 
measured as the mass of extracted Ag2S.

3.2. Dissolved phase analyses

For the time series samples taken from the mainstem rivers, 
changes in solute concentrations with discharge are discussed in 
Torres et al. (2015). Here, we focus on elemental and isotopic ratios 
for both the time series and tributary samples (see section 2.1) and 
consider their implications for weathering reactions. Like the solid 
phase data, dissolved phase data will be reported as the ratio of 
the concentration of an element to the total concentration of all 
cations in units of charge equivalents.

3.2.1. Dissolved phase major and trace element ratios
For the mainstem rivers, both of the Mountain sites as well 

as the Mountain-front site have very similar ranges of Na/�+
(Fig. 4a). In contrast, the mainstem at the Foreland-floodplain site 
has lower Na/�+ than the Andean catchments (Fig. 4a). This de-
crease in Na/�+ at the Foreland-floodplain site is associated with 
an increase in Ca/�+ (Fig. 4b). Relative to the Mountain-front site, 
the two Mountain catchments are enriched in Mg (high Mg/�+; 
Fig. 4b). For all samples, Li/�+ and SO4/�+ are positively corre-
lated with each other and with Mg/�+ (Fig. 4c–d). Broadly, Sr/�+
of the mainstem is slightly greater at the Foreland-floodplain site 
relative to the Mountain and Mountain-front sites (Fig. 3a).

3.2.2. Dissolved radiogenic strontium isotope ratios
The 87Sr/86Sr of dissolved strontium decreases with decreasing 

sampling elevation for the mainstem rivers (Fig. 3a). The sam-
ples from the Mountain-1 and Mountain-2 sites have 87Sr/86Sr 
that range from 0.727–0.728 and 0.719–0.721 respectively. All of 
the samples from the Mountain-front site have a similar 87Sr/86Sr 
of 0.715 except for one sample collected in the wet season of 
2013 that has a lower value of 0.708. Samples from the Foreland-
floodplain site all have a similar 87Sr/86Sr of 0.709.

None of the tributaries within the Mountain catchments have 
87Sr/86Sr that are higher than the mainstem sampled at the 
Mountain-2 site (Fig. 3a). However, some Mountain tributaries 
have much lower 87Sr/86Sr than the mainstem (Fig. 3a). Trib-
utaries of the Mountain-front site also have low 87Sr/86Sr (i.e. 
0.708–0.709). Foreland-floodplain tributaries are more variable and 
have 87Sr/86Sr that range from 0.709 to 0.718.

3.2.3. Sulfate-sulfur isotope ratios
Broadly, the δ34S of dissolved SO4 (δ34Ssulfate) increases with 

decreasing sampling elevation for the mainstem rivers (Fig. 3b). 
The δ34Ssulfate in the Mountain-1 and Mountain-2 sites ranges 
from −2.1 to −0.5� and from −1.3 to +0.89� respectively. The 
δ34Ssulfate in the Mountain-front site ranges from −0.5 to +0.7�. 
The δ34Ssulfate in the Foreland-floodplain site ranges from +2 to 
+5.5�.

Tributaries have highly variable δ34Ssulfate that ranges from −3.8 
to +6.9� (Fig. 3b). Considering all of the mainstem and tributary 
samples together shows that samples with either high or low SO4
concentrations typically have low δ34Ssulfate whereas samples with 
intermediate SO4 concentrations have higher δ34Ssulfate (Fig. 3b).

4. Discussion

Assessing the effects of weathering processes on atmospheric 
CO2 requires 1) partitioning dissolved cations between silicate 
and carbonate sources (Gaillardet et al., 1997; Galy and France-
Lanord, 1999; Moquet et al., 2011; Spence and Telmer, 2005;
Bickle et al., 2015) and 2) partitioning the acid budget between 
weathering by carbonic and sulfuric acids (Hercod et al., 1998;
Galy and France-Lanord, 1999; Spence and Telmer, 2005; Calmels 
et al., 2007; Das et al., 2012; Torres et al., 2014). With these goals 
in mind, we first qualitatively compare the dissolved- and solid-
phase measurements to identify key lithologic end-members for 
both cations (section 4.1) and sulfate (section 4.2). Next, we de-
velop a quantitative mixing model that jointly apportions cation 
and sulfate sources (section 4.3). After we evaluate the mixing 
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Fig. 4. Dissolved phase geochemistry. (A) Na/�+ and Ca/�+ , (B) Mg/�+ and Ca/�+ , (C) SO4/�+ and Li/�+ , and (D) Mg/�+ and Li/�+ of the dissolved phase samples. 
Boxes show the ranges of elemental ratios associated with the lithologic end-members used in the mixing model (L = limestone, D = dolomite, G = granite, S = shale).
model (section 4.4), we develop a new interpretative framework 
that uses the mixing model results to identify the effects of weath-
ering on atmospheric CO2 (section 4.5). We conclude our discus-
sion by linking the observed effects of weathering on atmospheric 
CO2 with their environmental drivers (section 4.6).

4.1. Lithologic source partitioning – general considerations

Scatter plots comparing different solute concentration ratios 
show varying degrees of dispersion (Fig. 4), which is consistent 
with mixing between more than two end-members. The elemental 
ratios associated with the solid phase measurements bracket all of 
the dissolved phase measurements (Fig. 4), which implies that the 
solid phase measurements are viable as lithologic end-members 
and non-stoichiometric or secondary processes are not absolutely 
required to explain the concentration ratios of the major solutes 
(cf. Bickle et al., 2015). We note that this is also true for other el-
emental ratios (e.g., sodium to calcium ratios).

Since the bulk solid phase measurements indicate the pres-
ence of a Mg-rich and a Mg-poor silicate component, we define 
two silicate end-members: “shale” (Mg-rich) and “granite” (Mg-
poor). Note that by shale and granite, we are referring specifically 
to the silicate component of these lithologies. These identifica-
tions are consistent with geologic maps that show the presence 
of both marine (meta)sedimentary rocks and igneous intrusions 
within the study area (Fig. 1c, e). Similarly, we define Mg-rich and 
Mg-poor carbonate end-members (dolomite and limestone respec-
tively; Fig. 2). The elemental ratios selected for each end-member 
encompass the range of solid phase measurements (Fig. 2). We 
include a wider range of Mg/�+ for the shale end-member to re-
flect the preferential weathering of Mg-rich sheet silicates (Fig. 2b), 
which is not required by the data but is formally possible. Exact 
end-member definitions are provided in Table 1.

The low dissolved Na/�+ and Mg/�+ ratios observed for some 
tributaries and the mainstem at the Foreland-floodplain site are 
consistent with a greater contribution from the dissolution of lime-
stone relative to the upstream sites (the Mountain and Mountain-
front sites). These sites also have low 87Sr/86Sr (0.708 to 0.709), 
which is consistent with limestone dissolution (Andean Limestone 
87Sr/86Sr = 0.707 to 0.708; Gaillardet et al., 1997).

The Mountain and Mountain-front sites are enriched in Na rel-
ative to the Foreland-floodplain site, which implies a greater con-
tribution from either of the silicate end-members (Fig. 4a). The 
Mountain sites along with many of their tributaries appear to be 
enriched in Mg relative to the Mountain-front site (Fig. 4b). This 
Mg enrichment could be due to either shale or dolomite weather-
ing. Co-variation between Mg/�+ and Li/�+ (Fig. 4c–d) suggests 
at least some contribution from shale weathering because shales 
are enriched in lithium and carbonates are not (Dellinger et al., 
2015). Moreover, the high values of 87Sr/86Sr at the Mountain 
sites (0.720–0.728) are similar to those reported for Andean shales 
(0.728–0.750; Roddaz et al., 2005; Dellinger et al., 2015; Fig. 3a). 
However, the high values of Ca/�+ for the Mountain catchments 
require some contribution from carbonate weathering based on the 
low Ca/�+ of silicate sources (Figs. 2 and 4a, b).

In summary, the major and trace element ratios suggest that 
cations are sourced predominately from carbonate and silicate 
mineral dissolution. This is consistent with the observation that 
more than 90% of our samples have Cl concentrations lower than 
20 μM, which is the maximum concentration of atmospherically 
sourced Cl proposed by Gaillardet et al. (1997) for the Andes/Ama-
zon system. The samples that do exceed 20 μM Cl do not exceed 
60 μM Cl. Rivers in the Andes/Amazon system with known evapor-
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Table 1
End-members used in mixing model.

Shale Range sampled Notes Citation Dolomite Range sampled Notes Citation

Na/�+ 0.1 to 0.2 Na/�+ 0
Ca/�+ 0.03 to 0.3 Ca/�+ 0.5
Mg/�+ 0.45 to 0.6 higher than measured to 

simulate preferential mica 
weathering

Mg/�+ 0.5

Cl/�+ 0 Cl/�+ 0
SO4/�+ 0 to 1 allowed to be > 1 for 

samples with SO4/�+ > 1
SO4/�+ 0 to 1 allowed to be > 1 for 

samples with SO4/�+ > 1
δ34S −5 to +1 permil δ34S −5 to +1 permil
Sr/�+ 0.0005 to 0.0025 Sr/�+ 0.001 to 0.009
87Sr/86Sr 0.728–0.750 1, 2 87Sr/86Sr 0.707 to 0.710 2, 4
Li/Na 0.041 2 Li/Na 0 2

Granite Range sampled Notes Citation Rainfall Range sampled Notes Citation

Na/�+ 0.5 to 0.8 Na/�+ 0.05 to 0.43 Co-varies with Cl/�+ 5
Ca/�+ 0.03 to 0.4 Ca/�+ 0.2 to 0.65 5
Mg/�+ 0.003 to 0.03 Mg/�+ 0.1 to 0.2 5
Cl/�+ 0 Cl/�+ 0.06 to 0.5 5
SO4/�+ 0 to 1 allowed to be > 1 for 

samples with SO4/�+ > 1
SO4/�+ 0.06 to 0.4 5

δ34S −5 to +1 permil δ34S −5 to +9 permil 7
Sr/�+ 0.0005 to 0.0025 Sr/�+ 0.00005 to 0.005 5
87Sr/86Sr 0.704 to 0.720 range increased to match San 

Pedro River, which drains 
only granites

3 87Sr/86Sr 0.708 to 0.709 4

Li/Na 0.005 2 Li/Na 0

Limestone Range sampled Notes Citation Evaporite Range sampled Notes Citation

Na/�+ 0 Na/�+ 0 to 0.1
Ca/�+ 0.8 to 1 Ca/�+ 0.85 to 0.9
Mg/�+ 0 to 0.2 Co-varies with Ca/�+ Mg/�+ 0 to 0.15 6
Cl/�+ 0 Cl/�+ 0 to 0.1 Co-varies with Na/�+
SO4/�+ 0 to 1 allowed to be > 1 for 

samples with SO4/�+ > 1
SO4/�+ 0.85 to 0.9 Co-varies with Ca/�+

δ34S −5 to +1 permil δ34S +10 to +19 permil 7, 8, 9
Sr/�+ 0.001 to 0.009 Sr/�+ N/A
87Sr/86Sr 0.707 to 0.710 2, 4 87Sr/86Sr N/A
Li/Na 0 Li/Na N/A

For all end members, ((Mg/�+) + (Na/�+) + (Ca/�+)) cannot exceed 1.
[1] Roddaz et al., 2005; [2] Dellinger et al., 2015; [3] Petford and Atherton, 1996; [4] Gaillardet et al., 1997; [5] Torres et al., 2015; [6] Lerman et al., 2007; [7] Longinelli and 
Edmond, 1983; [8] Paytan et al., 1998; [9] Louterbach et al., 2014.
ite contributions typically have much higher Cl concentrations (e.g., 
the Huallaga River with 848 ± 421 μM Cl; Moquet et al., 2011).

A significant contribution from sulfate evaporites is unlikely for 
our sites due to the consistent and overall high Mg/�+ and Sr/�+
ratios observed, as sulfate salts such as gypsum (CaSO4·2H2O) typ-
ically have very low Mg/Ca and Sr/Ca ratios (< 1 mmol/mol; Lu et 
al., 1997; Playà and Rosell, 2005; Lerman et al., 2007). Put another 
way, solute concentration ratios place a strong constraint on the 
maximum contribution of sulfate evaporites. This can be explored 
more rigorously by incorporating information about sulfate sources 
from sulfur isotopes.

4.2. Sulfate sources

In order to quantify the proportion of weathering driven by sul-
furic acid, it is necessary to account for all possible sources of 
sulfate in order to avoid an overestimation of the amount of sul-
fide mineral oxidation. The main environmental sources of sulfate 
include sulfide mineral oxidation, atmospheric deposition, and the 
dissolution of sulfate evaporites. Here, we review sulfur isotopic 
constraints on each of these end-members that can be combined 
with solute concentration ratios (section 4.1) to jointly infer cation 
and sulfate sources (section 4.3). Additionally, we discuss the po-
tential for sulfur isotope fractionation, which, if significant, could 
lead us to underestimate the role of sulfide mineral oxidation.
Since the oxidative dissolution of sulfide minerals should not 
be accompanied by significant sulfur isotope fractionation (Balci et 
al., 2007), our solid-phase measurements of δ34S can be used to 
predict the δ34S of rivers where the sulfate budget is dominated 
by sulfide mineral oxidation (Fig. 3b). The overlap between δ34S
of dissolved sulfate from the mainstem at both of the Mountain 
sites and the measured δ34S of rock samples suggests that sulfide 
mineral oxidation dominates at these sites (Fig. 3b).

Rainwaters often have SO4/Cl ratios greater than seawater, 
which suggests that SO4 is added to precipitation as a result of 
anthropogenic or biological processes (Andreae et al., 1990). These 
additional sources are generally characterized by low δ34S values, 
so the δ34S of atmospheric deposition should be lower than sea-
water (+21�; Paris et al., 2013). Two measurements of Amazo-
nian rainwater taken from Brazil and Colombia have δ34S values 
of +10 to +11�, confirming that SO4 in Amazonian precipita-
tion reflects a mixture between biogenic and seawater aerosols 
(Longinelli and Edmond, 1983). The pure foreland floodplain trib-
utaries within our study area (e.g., the Los Amigos and Chiribi 
Rivers), which are likely to derive most of their SO4 from atmo-
spheric deposition, have very low SO4 concentrations (i.e. ≤10 μM) 
and low δ34S values (i.e. <0�). The difference in δ34S values be-
tween foreland-floodplain tributaries and previous rainwater mea-
surements (Longinelli and Edmond, 1983) could result from the 
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observed spatial variability in the deposition of seawater aerosols 
(Stallard and Edmond, 1981).

Sulfate evaporite minerals of marine origin are expected to 
have high δ34S values. For example, Paleozoic marine evaporites in 
the Andes have δ34S near +10� (Longinelli and Edmond, 1983). 
Similarly, Paleocene-aged gypsum deposits in the reported in the 
foreland-floodplain region by Louterbach et al. (2014) likely have 
δ34S up to +19� (Paytan et al., 1998). Potentially, a small evapor-
ite contribution could explain the high δ34S observed in some river 
samples (up to +6�). However, the magnitude of any evaporite 
contribution will ultimately be limited by solute concentration ra-
tios (see section 4.1).

Besides a small evaporite contribution, high δ34S of dissolved 
sulfate could be caused by sulfur isotopic fractionation induced 
by microbial sulfate reduction (Detmers et al., 2001; Yi-Balan et 
al., 2014). Sulfate reduction is consistent with the observation that 
sulfate concentrations decrease with increasing δ34S values for the 
samples with high to intermediate sulfate concentrations (Fig. 3b). 
However, in order for reduction to affect the δ34S of sulfate, the 
product, H2S, has to be exported from the catchment without be-
ing re-oxidized if the supply of sulfur from bedrock erosion is 
approximately equal to the export flux of sulfur (Bouchez et al., 
2013). While it is not known if such a steady-state assumption is 
valid for this and other modern river systems, it remains a useful 
“null” hypothesis.

While gaseous H2S is measurable in the atmosphere above the 
Amazon, modeled export fluxes of H2S are small relative to river-
ine fluxes of sulfate (Andreae et al., 1990 and see below). To ex-
plain a similar trend in the δ34S of Himalayan rivers, Turchyn et al.
(2013) proposed that some H2S is precipitated as secondary sul-
fide minerals. Assuming that the S cycle within the catchments of 
Turchyn et al. (2013) is at steady-state, this mechanism requires 
that secondary sulfides are eroded without being re-oxidized. Al-
ternative mechanisms, such as the loss of sulfur intermediates 
during oxidation (Hindshaw et al., 2016) or the incorporation of 
reduced sulfur into organic phases, also require the export of re-
duced sulfur to express sulfur isotope fractionation if the systems 
are at steady-state with respect to the fluxes of S and S iso-
topes.

Regardless of the exact mechanism, the mass of reduced S that 
needs to be exported in order to maintain a steady-state isotopic 
offset between dissolved sulfate and primary sulfur minerals is de-
pendent upon the fractionation factor. Using the formulation of 
Bouchez et al. (2013), the isotopic offset of the river relative to 
primary minerals (�δ34 SRiver-Rock) can be expressed as:

�δ34 SRiver-Rock = −�sec-sulf × Fc (1)

where �sec-sulf is the apparent fractionation factor, and Fc is the 
fraction of the total sulfur flux that is exported as a reduced phase. 
Based on the sulfate concentration-runoff relationship of Torres et 
al. (2015) and the runoff time-series of Clark et al. (2014), the an-
nual flux of sulfate from the Mountain-2 site is on the order of 
103 tons/yr. A similar approach, reported in Clark (2014), yields a 
suspended sediment flux on the order of 105 tons of sediment/yr. 
Thus, if �sec-sulf is −10�, each 1� of isotopic offset between 
dissolved sulfate and primary sulfide minerals requires eroded sed-
iments to contain, on average, 0.1 wt% reduced S. Since some rivers 
may be enriched by up to 5 to 10� relative to bedrock (Fig. 3b), 
a larger export flux of reduced sulfur may be required; the trade-
offs between fractionation factor, isotopic offset, and amount of 
reduced sulfur that must be exported are illustrated in Fig. 5. These 
model predictions could be tested in future work on sulfur cycling 
in this and other mountainous catchments.
Fig. 5. S isotope fractionation at geomorphic steady state. Variations in the max-
imum isotopic offset of dissolved sulfate relative to a rock source at geomorphic 
steady state for different values of the isotopic fractionation factor (�sec-sulf ) and the 
fraction of S exported as a reduced phase calculated using the model of Bouchez et 
al. (2013). The dashed lines refer to the S isotope fractionation factors utilized by 
Turchyn et al. (2013) to model S isotope data from rivers in the Himalayan system. 
The gray rectangle to the right of the plot corresponds to the largest difference be-
tween dissolved and solid phase δ34S measurements observed in this sample set. 
The range shown is based on either including or excluding the two highest solid 
phase δ34S measurements.

4.3. Lithologic source partitioning – quantitative

Based on the preceding discussion (sections 4.1 and 4.2), it is 
clear that a mixing model needs to account for solutes from lime-
stone, dolomite, shale, granite, and atmospheric deposition. It is 
somewhat unclear as to whether or not evaporites need to be 
considered, since the observed variation in δ34S can be attributed 
to either a trace evaporite contribution or isotopic fractionation 
(section 4.2). Ignoring sulfate evaporites could lead to an over-
estimation of sulfide mineral oxidation where as ignoring sulfate 
reduction could lead to an under-estimation. Seeking to be as con-
servative as possible, we start with a model that considers evap-
orite minerals as a potential solute source in order to determine 
whether or not it would significantly affect our results.

In order to partition solutes between different sources, we in-
vert a mixing model based on a subset of the measured elemental 
and isotopic ratios (Cl/�+ , Na/�+ , Mg/�+ , Ca/�+ , SO4/�+ , and 
δ34S). Details of how we parameterize the model, its assumptions, 
and how we perform the calculations and uncertainty propagation 
are described in detail in Appendix A.3. Briefly, the model uses 
a Monte-Carlo sampling approach to account for uncertainty in 
the composition of each end-member. For carbonate and silicate 
sources, the a priori range we select for each end-member is equiv-
alent to the ranges shown in Figs. 2, 4, and Table 1. The model 
assumes that the fractional contributions from each end-member 
must all be ≥ 0 and sum to one.

In order to incorporate SO4/�+ and δ34S into the mixing 
model, it is necessary to assign values to the carbonate and silicate 
end-members. For these end-members, SO4/�+ is directly equal 
to the proportion of weathering driven by sulfuric acid, which is an 
unknown we constrain as part of the inversion. For sulfur isotopes, 
we randomly sample a uniform distribution with the range of mea-
sured sulfide mineral δ34S for carbonate and silicate weathering by 
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sulfuric acid. For the other sulfate sources (rainfall and evaporites), 
we use uniform distributions with ranges in δ34S equal to those 
discussed in section 4.2. The range of sampled SO4/�+ for rainfall 
and evaporites are based on direct measurements (Torres et al., 
2015) and the stoichiometry of gypsum mixed with trace halite 
(Cl/�+ = 0 to 0.1) respectively (Lerman et al., 2007). The exact 
ranges of end-member values are shown in Table 1.

Using the specified end-member compositions (Table 1), the 
mixing model can explain the observed geochemical variation for 
all of the river samples. For a given sample, each random com-
bination of end-member ratios, or simulation, predicts different 
values for the relative contribution of each end-member. In the fol-
lowing section, we explore how these model predictions co-vary. 
By adding independent constraints from tracers that were not in-
cluded in the original model (e.g., Sr and Li), we further constrain 
the model predictions.

4.4. Mixing model evaluation

4.4.1. Evaporite contributions
For all samples, the predicted contribution of evaporites to the 

total cation budget is small (max contribution <15%), which is 
consistent with our qualitative inferences (section 4.1). For all sim-
ulations from a single sample, estimates of the evaporite contri-
bution are not correlated with the apportionment of cations be-
tween carbonate and silicate sources. Consequently, uncertainties 
in apportioning the dissolved sulfate budget will not influence the 
estimated ratio of carbonate to silicate weathering.

In contrast, we observe a negative correlation between the 
evaporite contribution and the proportion of weathering driven 
by sulfuric acid for each sample. This outcome is expected since 
evaporites contribute to the sulfate budget. The variation in the 
proportion of sulfuric acid weathering is minor for the predicted 
range of evaporite contributions. As shown in Fig. 6a, the pre-
dicted proportion of sulfuric acid weathering is nearly equal to the 
SO4/�+ of each sample, as expected if the majority of sulfate was 
sourced from sulfide mineral oxidation.

While we cannot confidently determine whether or not evap-
orites drive the observed δ34S variability (Fig. 3b), the results of 
our mixing model suggest that ignoring evaporites as a source 
does not significantly affect our conclusions about either the pro-
portion of carbonate weathering or the proportion of sulfuric acid 
weathering (Fig. 6a). This is because evaporites have extreme δ34S
values relative to sulfide minerals in this system, so only a small 
evaporite contribution is necessary to significantly shift δ34S. We 
can therefore use the SO4/�+ of each sample directly to infer the 
proportion of sulfuric acid weathering (Fig. 6a), ignoring evaporite 
sources and removing δ34S as a model constraint. This approach al-
lows us to apply our model to all samples and not just the subset 
of samples with δ34S measurements.

4.4.2. Carbonate versus silicate weathering
For each sample, the mixing model predicts a wide range of 

values for the proportion of cation sourced from carbonate weath-
ering (e.g., 30 to 80% of cations from carbonates for Mountain-1). 
Generally, this range is the greatest for samples from the Mountain 
catchments and results from uncertainties in partitioning dissolved 
Mg between shale and dolomite sources. To better constrain es-
timates of the proportion of carbonate weathering, we can use 
87Sr/86Sr and Li, which, in theory, should be sensitive to the pro-
portion of shale weathering (Fshale) in this system.

Available data suggests that shales within the study area have 
high 87Sr/86Sr relative to granitic rocks and carbonates (Petford 
and Atherton, 1996; Gaillardet et al., 1997; Roddaz et al., 2005;
Dellinger et al., 2015). As a result, riverine 87Sr/86Sr can be used 
to infer Fshale . However, high-temperature alteration can produce 
Fig. 6. Mixing model evaluation. (A) Comparison between the measured SO4/�+
and the predicted proportion of sulfuric acid weathering based on inversion of 
Cl, Na, Ca, Mg, SO4, and δ34S data (symbols depict the median value along with 
90% confidence interval). (B) The small open circles show the maximum predicted 
87Sr/86Sr for simulations with varying proportions of shale weathering (inversion of 
Cl, Na, Ca, and Mg data). Solid points correspond to the measured 87Sr/86Sr and in-
ferred minimum Fshale based on a second order polynomial fit. For each sampling 
locality, the model results are based on all of the individual samples measured for 
strontium isotope ratios.

carbonates with 87Sr/86Sr similar to silicate phases (Palmer and Ed-
mond, 1992; White et al., 1999; Jacobson and Blum, 2000). Since 
the study area contains metamorphosed sedimentary rocks, it is 
possible that some carbonates have elevated 87Sr/86Sr. If present 
but not included within a 87Sr/86Sr mixing model, such carbonates 
would lead to an over-estimation of Fshale .

Lithium is enriched in shales relative to other silicate litholo-
gies and is practically absent in carbonates (Dellinger et al., 2015). 
Consequently, Li/�+ can also be used to infer Fshale . However, 
lithium isotopes reveal that lithium does not behave conservatively 
in Amazonian rivers (Dellinger et al., 2015). Consequently, Li/�+
is likely to under-estimate Fshale due to the formation of lithium-
bearing clays.

Since 87Sr/86Sr may overestimate Fshale and Li/�+ may under-
estimate it, checking for consistency between the two tracers is a 
useful test. Here, we adopt a forward modeling approach to utilize 
both 87Sr/86Sr and Li/�+ as additional constraints (full description 
in the supplementary materials). We predict 87Sr/86Sr and Li/�+
by combining our model estimates of the fractional contribution 
from each end-member with constraints on the Sr/�+ , Li/�+ , 
and 87Sr/86Sr of each end-member from measurements and litera-
ture data (Table 1; Roddaz et al., 2005; Petford and Atherton, 1996;
Gaillardet et al., 1997; Dellinger et al., 2015). This allows us to 
view how the predicted 87Sr/86Sr and Li/�+ vary as a function of 
the fractional contribution from each end-member. By comparing 
these relationships with the measured values, we can identify the 
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subset of model results that best agree with all of the measured 
tracers.

Under the assumption that all carbonates have low 87Sr/86Sr, 
our mixing model produces a strong correlation between 87Sr/86Sr 
and the proportion of shale weathering (Fshale). Due to uncer-
tainties in the Sr/�+ and 87Sr/86Sr of each end-member, every 
value of Fshale that can describe a single sample is associated with 
a range of predicted 87Sr/86Sr. Here, we focus on the maximum 
87Sr/86Sr value that can be predicted by a value of Fshale in order 
to get an estimate of the minimum Fshale needed for major ele-
ments and 87Sr/86Sr to agree (Fig. 6b).

For the mainstem rivers, we observed a monotonic decrease in 
87Sr/86Sr with elevation (Fig. 3a). Based on our Sr model analy-
sis, this decrease in 87Sr/86Sr implies a decrease in the minimum 
Fshale required for model-data agreement (Fig. 6b). For the Moun-
tain sites, at least 40% (Mountain-1) and 25% (Mountain-2) of 
cations must be sourced from shale weathering in order to match 
measured 87Sr/86Sr (Fig. 6b). For the Mountain-front and Foreland-
floodplain sites, much smaller values of Fshale are required (<12%; 
Fig. 6b). An analogous approach applied to Li/�+ suggests min-
imum Fshale values of 25%, 10%, 0%, and 0% for the Mountain-1, 
Mountain-2, Mountain-front, and Foreland-floodplain sites respec-
tively.

While the minimum values of Fshale predicted by Li/�+ are 
lower than those predicted by 87Sr/86Sr (Fig. 6b), both tracers sug-
gest that shale contributions decrease from the Mountain to the 
Foreland-floodplain sites. Based on the observations that 1) lithium 
uptake into clays is known to impact Andean rivers (Dellinger 
et al., 2015), 2) there are no reports of carbonates with high 
87Sr/86Sr in the study area, and 3) both 87Sr/86Sr and Li mixing 
models predict the same trend in Fshale with elevation (Fig. 6b), 
we will apply the following constraints to our mixing model in 
order to estimate the proportion of carbonate weathering. At the 
Mountain-1, Mountain-2, and Mountain-front sites, we will adopt 
the constraints from 87Sr/86Sr and consider only the subset of mix-
ing model results where Fshale is greater than 40%, 25%, and 11% 
respectively. At the Foreland-floodplain site, we will consider the 
full range of model values. In Fig. 7, we show the 95% confidence 
interval of the model results that meet the above criteria for each 
mainstem river.

4.5. Effects of sulfide mineral oxidation on atmospheric pCO2

4.5.1. Interpretive framework
Elemental and isotopic ratios allow us to determine the pro-

portions of carbonate weathering and weathering by sulfuric acid 
in each of the study catchments (Section 4.4). Here we present a 
framework for understanding the implications of these results for 
atmospheric pCO2. Due to gas exchange, the pCO2 of the atmo-
sphere depends on the pCO2 of the ocean. To first order, the pCO2
of the ocean is negatively correlated with the ratio of alkalinity to 
dissolved inorganic carbon (DIC; Zeebe and Wolf-Gladrow, 2001). 
Since rivers transport alkalinity and DIC generated by weather-
ing to the ocean, chemical weathering modulates atmospheric 
pCO2 through its effect on the marine carbonate system. In Ap-
pendix A.5, we show how the proportions of carbonate weathering 
and weathering by sulfuric acid can be uniquely related to the ratio 
of alkalinity to DIC generated by weathering and used to predict 
the effect of weathering on atmospheric pCO2.

The link between the ratio of alkalinity to DIC generated by 
weathering and atmospheric CO2 depends upon the timescale of 
interest. For example, in the modern ocean, the alkalinity to DIC 
ratio is ∼1. So, on timescales shorter than that of carbonate burial 
(105–106 yrs; Berner and Berner, 2012), atmospheric pCO2 will in-
crease if rivers supply alkalinity and DIC to the ocean in a ratio 
that is less than 1. We note that this is strictly valid for modern 
Fig. 7. Effect of weathering on atmospheric pCO2 in the Kosñipata / Madre de Dios 
River system. The figure shows the calculated proportions of carbonate weather-
ing (median and 95% confidence interval) and proportions of weathering driven by 
sulfide mineral oxidation (90 to 100% of measured SO4/�+; Fig. 6a) for the main-
stem sites. The dark gray region defines parameter combinations associated with 
CO2 release on short timescales (alkalinity/DIC <1). The light gray region defines 
parameter combinations associated with CO2 release on long timescales (alkalin-
ity/DIC <2). The white region defines parameter combinations associated with CO2

consumption (alkalinity/DIC >2).

conditions (i.e. oceanic alkalinity/DIC ≈1). In Fig. 7, the dark gray 
line shows the proportions of carbonate weathering and weather-
ing driven by sulfuric acid that lead to an alkalinity to DIC ratio 
of 1. Parameter combinations that plot above this reference line 
are associated with CO2 release on timescales shorter than that of 
carbonate burial for modern conditions.

Carbonate burial removes alkalinity and DIC from the ocean 
in a 2 to 1 ratio. So, on timescales longer than carbonate burial 
but shorter than pyrite burial (< 107 yrs; Berner and Berner, 
2012), atmospheric pCO2 will increase if rivers deliver alkalinity 
and DIC to the ocean in a ratio that is less than 2. Considera-
tion of the long-term effects of weathering on pCO2 in this way 
is comparable to previous approaches (e.g., Calmels et al., 2007;
Torres et al., 2014) and does not necessarily depend on oceanic 
alkalinity to DIC ratios. In Fig. 7, the proportions of carbonate 
weathering and weathering driven by sulfuric acid that lead to an 
alkalinity to DIC ratio of 2 are shown as a light gray line. Parame-
ter combinations that plot above this reference line are associated 
with CO2 release on timescales longer than carbonate burial but 
shorter than pyrite burial. Values below this line are associated 
with CO2 consumption (i.e. alkalinity/DIC >2).

4.5.2. Field data
Mainstem samples from the Foreland-floodplain site have high 

proportions of carbonate weathering and low proportions of sul-
furic acid weathering (Fig. 7). As a result, weathering in the 
Foreland-floodplain is characterized by CO2 consumption (Fig. 7). 
At the Mountain-front site, mainstem samples have lower propor-
tions of carbonate weathering and higher proportions of sulfuric 
acid weathering relative to the Foreland-floodplain site (Fig. 7). 
Mountain-front weathering has no long-term effect on pCO2 since 
it generates alkalinity and DIC in a nearly 2 to 1 ratio, which is the 
same as the ratio associated with carbonate burial (Fig. 7).

Samples of the mainstem river in the Mountain-1 and
Mountain-2 sites have lower proportions of carbonate weathering 
and higher proportions of sulfuric acid weathering (Fig. 7). Because 
of this combination, weathering in the Mountain sites drives CO2
release into the atmosphere (Fig. 7). The proportion of sulfuric acid 
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weathering in the Mountain-1 site is sufficiently high for CO2 to 
be released on short timescales (alkalinity/DIC <1; Fig. 7). This is 
consistent with the fact that some of the Mountain-1 tributaries 
have SO4 concentrations in excess of total cation concentrations 
(in charge equivalents; Fig. 4c), which requires that sulfide min-
eral oxidation outpaces weathering reactions and acidifies the river 
(analogous to acid mine drainage).

4.6. An erosional control on the acid budget of chemical weathering

Based on the data from each of the four mainstem site, we find 
that the proportion of weathering driven by sulfuric acid increases 
with increasing elevation (Fig. 7). As a result, mountain weathering 
is a net CO2 source and foreland weathering is a net CO2 sink in 
the Kosñipata–Madre de Dios system (Fig. 7). We hypothesize that 
observed differences in the effect of weathering on atmospheric 
pCO2 are due to differences in the duration of weathering, which 
is much longer for material in the foreland relative to the Andes 
(Dosseto et al., 2006). Since erosion is thought to modulate the 
residence time of material in the weathering zone (West, 2012;
Maher and Chamberlain, 2014), we expect an erosional control on 
the relationship between weathering and pCO2.

Generally, rocks contain higher concentrations of silicates than 
sulfides. Consequently, congruent weathering would not be ex-
pected to lead to CO2 release. Instead, CO2 release requires some 
mechanism to preferentially react sulfide minerals relative to sili-
cates. For silicate weathering, models (e.g., West, 2012) show that 
when the residence time of sediments in the weathering zone 
exceeds the amount of time required for the complete dissolu-
tion of all weatherable minerals, weathering fluxes increase with 
increasing erosion rate (supply limitation). Once erosion rates in-
crease enough that sediment residence times drop below a thresh-
old (set by dissolution rates), weathering fluxes plateau (“kinetic” 
limitation). For pyrite, which is a representative sulfide mineral, 
oxidation rates are orders of magnitude faster than silicate disso-
lution (Williamson and Rimstidt, 1994). Thus, the threshold ero-
sion rate at which pyrite oxidation plateaus will also be higher 
than for silicates. Consequently, we expect a range of erosion rates 
where pyrite oxidation increases with increasing erosion but sili-
cate weathering does not, leading to the preferential oxidation of 
pyrite. If pyrite contents are sufficient, environments within this 
range of high erosion rates will be associated with CO2 release as 
we observe in the Andes/Amazon study region.

5. Conclusions

Using a suite of dissolved- and solid-phase measurements, we 
identify an erosional control on the acid budget of chemical weath-
ering in the Kosñipata/Madre de Dios system. Our results are con-
sistent with a growing body of work showing that sulfide mineral 
oxidation dominates in mountainous systems (Galy and France-
Lanord, 1999; Spence and Telmer, 2005; Calmels et al., 2007;
Das et al., 2012; Torres et al., 2014). In our Andean catchments, 
the proportion of weathering driven sulfide mineral oxidation re-
sults in CO2 release. In the foreland floodplain region, weathering 
acts as a CO2 sink despite being less sensitive to seasonal changes 
in runoff (Torres et al., 2015). The interplay between erosion rates 
and reaction kinetics we invoke to explain the dominance of pyrite 
oxidation in the Andes should be applicable to a range of po-
tentially trace phases that react more rapidly than silicates (e.g., 
carbonate minerals). Overall, this work suggests that the relation-
ship between mountain uplift, weathering, and atmospheric pCO2
is complex due to the involvement of the sulfur cycle.
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Appendix A. Detailed Methods1

Appendix A.1. Solid phase geochemical analyses2

Samples of river bank sediments and rocks were collected from across the entire study3

site in order to constrain the elemental and isotopic composition of different lithologic end-4

members. Sub-samples of the river bank sediments were separated using a riffle splitter and5

powdered in a ball mill. Rock samples were disaggregated using an agate mortar and pestle6

before being ground in a ball mill.7

Appendix A.1.1. Bulk XRF measurements8

To determine the content of non-volatile elements in the river bank sediment samples, the9

samples were mixed in a 1:2 ratio with lithium metaborate and then doubly fused in graphite10

crucibles at 1000◦C. The twice fused glass beads were then polished and analyzed by X-ray11

fluorescence spectroscopy (XRF) at Pomona College. A suite of 35 elements were analyzed.12

Only measurements of Na, Ca, Mg, and Sr concentrations are discussed in this paper. The13

stream sediment reference material STSD-2 (Environment Canada) was processed and an-14

alyzed using the same procedure in order to check for accuracy. For all reported elements,15

the measured values of STSD-2 agree with certified values within 10%.16

Appendix A.1.2. Solid phase sulfur isotope measurements17

Sulfide minerals within rock samples from the Kosñipata valley are present as both macro-18

scopic crystals and veins as well as microscopic disseminated crystals. When macroscopic,19

sulfide minerals were sampled for sulfur isotopic analyses using a diamond-coated steel drill20

bit and analyzed without any further preparation. When microscopic, the reduced sulfur21

compounds were converted to H2S and precipitated as Ag2S using the chromium reduction22

method of Gröger et al. (2009). Briefly, the sample powders were mixed with ethanol and23

concentrated HCl and then reacted with an acidic Cr2+Cl2 solution in a N2-flushed digestion24

vessel. During the reaction, the digestion vessels were heated from below with a hotplate.25

The liberated H2S gas was passed through a condenser and bubbled through a solution of26

1



AgNO3 and NH4OH in order to trap S2− as Ag2S. For each sample, approximately 1 gram27

of powder was reacted for one hour.28

After the reaction was completed, the Ag2S was separated from the AgNO3 and NH4OH29

solution by centrifugation, rinsed three times with de-ionized water (DIW; 18.2 MΩ resistiv-30

ity), and dried overnight in an oven at 60◦C. Sub-samples of both the pyrite and homogenized31

Ag2S powders were sent to the University of Arizona Environmental Isotope Lab where the32

sulfur isotopic composition was measured using an elemental analyzer coupled to a gas-source33

IRMS (ThermoQuest Finnigan Delta PlusXL). To check the accuracy and reproducibility of34

the chromium reduction procedure, an in-house pyrite standard was processed during each35

session and the procedure was replicated for select samples. Overall, calculated yields for the36

standards were similar (80-90 %; based on mass of recovered Ag2S) and the isotopic com-37

position of the Ag2S produced from the pyrite standard was identical, within the analytical38

uncertainty (0.15 h), to the un-processed pyrite. Similarly, variability between replicate39

sample extractions was similar in magnitude to the analytical uncertainty (± 0.2 h).40

Appendix A.1.3. Sequential river bank sediment leaches41

In order to selectively dissolve carbonate minerals in the river bank sediment samples,42

a sequential leaching procedure based on the method of Leleyter and Probst (1999) was43

used. Both ground and un-ground sediment samples were tested, but only the leaches of the44

un-ground sediment samples were found to selectively dissolve carbonates to a degree that45

allowed for the determination of their chemistry. For the un-ground samples, 4-6 grams of46

sediment were separated from the total sample using a riffle splitter and then split into two47

roughly equal aliquots that were leached separately in 50 mL polypropylene (PP) centrifuge48

tubes.49

During each leaching step, the sediment samples were kept at room temperature and50

stirred by laying the tubes on a shaking table set to 200 rpm. After each leaching step, the51

leachate was first separated from the sediments by centrifugation. The supernatant was then52

decanted and filtered with a 0.2 µm nylon filter. Before the next leaching step, the sediment53

2



samples were rinsed three times with DIW.54

To remove soluble salts, the sediments were first leached with 10 mL of DIW for 3055

minutes. Next, exchangeable elements were removed by leaching the sediments with 10 mL56

of 1M NH4Cl for 2 hours. Finally, carbonate minerals were selectively dissolved by leaching57

the sediments for 5 hours with 10 mL of a 1M acetic acid solution that was set to a pH of58

∼4.5 by titration with NH4OH.59

After filtration, the acetic acid leachates were evaporated to dryness in PP vials in a60

clean laboratory and then re-dissolved in 5% HNO3. The concentrations of Al, Si, Na, Ca,61

Mg, Sr, and Li in the leachate solutions were determined with an Agilent 4100 microwave62

plasma atomic emission spectrometer (MP-AES) calibrated using synthetic standards. The63

results are reported as nanomoles of element leached per gram of sample.64

Appendix A.2. Dissolved phase geochemical analyses65

Water samples were collected using slightly different methods depending upon the sam-66

pling year. For samples collected before 2012, water was collected from the river surface67

using a clean PP bottle, filtered on site with a 0.2 µm porosity nylon filter, and split into68

two 60 mL high-density polyethylene bottles (HDPE). One of the 60 mL HDPE bottles was69

preserved with 2 drops of high purity HCl dispensed from an acid-washed Teflon dropper70

bottle for cation analyses. The other HDPE bottle was left unpreserved. In the laboratory,71

samples with any remaining particulates (e.g., from flocculated aggregates forming after field72

filtration) were re-filtered before analysis with a 0.2 µm nylon porosity filter.73

After 2012, water samples were collected from the river surface with a clean PP bucket74

and transferred to 10 L plastic bags before filtration. Within 24 hours of collection, the75

samples were filtered with 0.2 µm porosity polyethersulfone (PES) filters housed in a teflon76

filtration unit with a peristaltic pump and tygon tubing. The filtrate was collected directly77

into two clean 60 mL HDPE bottles. One of the 60 mL HDPE bottle was preserved with 6078

µL of concentrated distilled HNO3 dispensed from a teflon vial with an acid-washed pipette79

tip. The other HDPE bottle was left unpreserved.80
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Appendix A.2.1. Cation and Si concentrations81

To determine the concentrations of Na, K, Ca, Mg, Si, Li, and Sr, the acidified water82

samples were analyzed using an MP-AES calibrated with synthetic standards. Precision83

and accuracy was assessed by analyzing a reference material every 15 samples. For Ca, Mg,84

Na, K, and Si, the reference material ION-915 was used (Environment Canada). For Li,85

the reference material TMDA-51.4 (Environment Canada) was used. For Sr, an in-house86

prepared SrCO3 solution was used. Replicate analyses of each solution reveals an analytical87

precision within 5% (1σ) for each analyte.88

Appendix A.2.2. Anion concentrations89

To determine the concentrations of Cl− and SO2−
4 , the un-acidified samples were ana-90

lyzed with a Metrohm ion chromatograph equipped with a Metrosep A4/150 column and a91

conductivity suppressor. The elements were eluted from the column with 3.2 mM Na2CO392

and 1.0 mM NaHCO3 at a flow rate of 0.7 mL min−1. The instrument was calibrated using93

synthetic standards. Precision and accuracy was assessed by analyzing a certified reference94

material (ION-915, Environment Canada) after every 15 samples. Replicate analyses of95

ION-915 reveals an analytical precision within 5% (1σ) for each analyte.96

Appendix A.2.3. Sulfate-sulfur isotope measurements97

To measure the δ34SV−CDT of dissolved SO2−
4 , SO2−

4 was purified from ∼ 1-10 mL of sam-98

ple using either a cation or anion exchange resin following established protocols (Paris et al.,99

2013). Before separation, all samples were evaporated to dryness within a clean laboratory.100

For samples purified using a cation exchange resin, the sample residue was re-dissolved in101

0.25 % HCl and introduced into a column containing Bio-Rad AG50X8 resin following Paris102

et al. (2013). For sample purified using an anion exchange resin, the sample residue was103

re-dissolved in 0.5 % HCl and introduced into a column of AG1X8 resin following Paris et al.104

(2014). After elution from the columns, the samples were evaporated to dryness and then105

re-dissolved in 5% HNO3. Before analysis, all samples were diluted and mixed with a sodium106
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solution to match the sodium and sulfate concentrations of the bracketing standard. The107

samples were then analyzed using a Thermo Neptune Plus multi-collector inductively cou-108

pled plasma mass spectrometer (MC-ICP-MS) at Caltech using sample-standard bracketing109

to correct for instrumental drift and mass bias following Paris et al. (2013).110

Replicate purification of sulfate and measurement of its sulfur isotopic composition from111

select samples reveals variability of up to 0.2 h. This uncertainty value is reported in all112

figures and tables but is not included after each value in the main text for brevity.113

Appendix A.2.4. Strontium isotope measurements114

To measure the radiogenic (87Sr/86Sr) isotopic composition of dissolved Sr, the acidi-115

fied samples were purified using an automated HPLC separation with Sr Spec resin at the116

Institute de Physique du Globe Paris (IPGP; Meynadier et al. 2006). The purified samples117

were evaporated to dryness, re-dissolved in 0.5 M HNO3 and analyzed on a Thermo Neptune118

plus MC-ICP-MS at IPGP. A solution made from the NIST carbonate reference material119

SRM987 was used to check accuracy regularly. To correct for Kr interference, the 83Kr/84Kr120

and 83Kr/86Kr ratios were determined using the blank solution at the beginning of the run121

and the 83Kr signal was monitored for each sample and standard. To correct for Rb inter-122

ference, the 87Rb signal of a 5 ppb Rb solution was measured at the beginning of the run123

and the 85Rb signal was monitored for each sample and standard.124

The individual analytical uncertainty on each of the dissolved 87Sr/86Sr ratio measure-125

ments is less then 0.1 permil. Nonetheless, given the large range of variability between126

samples, the measured 87Sr/86Sr ratios are only be reported to three decimal places in the127

main text.128

Appendix A.3. Inversion Model129

The inversion model is based on the mixing equation:130

X/Σ+
measured =

n∑
f=1

Ff ×X/Σ+
f (A.1)
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where X/Σ+
measured is a measured elemental ratio of element X, Ff is the fractional contribu-131

tion of end-member f, X/Σ+
f is the elemental ratio of end-member f, and n is the number of132

end-members. For isotopic ratios, we use the modified mixing equation:133

δXmeasured ×X/Σ+
measured =

n∑
f=1

Ff ×X/Σ+
f × δXf (A.2)

where δXmeasured is the measured isotopic ratio of element X and δXf is the isotopic ratio of134

end-member f.135

To perform the inversion, a single value for each end-member ratio (X/Σ+
f and δXf ) is136

randomly drawn from a predefined uniform distribution (see Table 1). Then, using these137

random end-member values and the measured ratios (X/Σ+
measured and δXmeasured), the frac-138

tional contribution from each end-member (Ff ) is calculated using the mldivide command in139

MATLAB 2015b. For each sample, we repeat this approach 6×104 times in order to ensure140

that a sufficient number of random end-member combinations are used so that the reported141

confidence intervals do not change appreciably between replicate calculations. If any of the142

calculated mixing fractions are negative, the results of that simulation are discarded. While143

this general approach applies to all of the mixing models, details specific to the different144

versions described in the main text are included below. The precise end-member definitions145

are included in Table 1.146

Appendix A.3.1. Na-Ca-Mg-Cl-SO4-δ
34S inversion147

To apportion the solute budget between limestone, dolomite, granite, shale, rainfall, and148

evaporites, we use Cl/Σ+, Na/Σ+, Ca/Σ+, Mg/Σ+, SO4/Σ+, and δ34S. With the added149

constraint that the fractional contributions from each end-member must all sum to one,150

this model includes 7 equations, which is one greater than the number required for 6 end-151

members. Consequently, we calculate a least squares solution for each simulation. Since152

some of the simulations calculated this way will have large errors, we calculate the sum of the153

squared residuals (SSE) for each simulation. For each sample, we calculate a reference SSE by154
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determining the 5th percentile value of SSE for all of the simulations for that sample. We then155

select only the subset of simulations where the SSE is less than this reference value. Together,156

all of the constraints result in an average of 224 valid simulations for each sample. For this157

model, the a posteriori values of SO4/Σ+ for the carbonate and silicate end-members are158

used to determine the proportions of sulfuric acid weathering for each sample. For reference,159

the exact mixing model is included as a MATLAB script (Torres_etal_A_inversion.m).160

Appendix A.3.2. Na-Ca-Mg-Cl inversion161

To apportion the solute budget between limestone, dolomite, granite, shale, and rainfall,162

we use Cl/Σ+, Na/Σ+, Ca/Σ+, and Mg/Σ+. With the added constraint that the fractional163

contributions from each end-member must all sum to one, this model includes 5 equations.164

Since the system is not over-constrained, we calculate an exact solution for each combination165

of random end-members. Together, all of the constraints result in an average of 4649 valid166

simulations for each sample. For reference, the exact mixing model is included as a MATLAB167

script (Torres_etal_B_inversion.m).168

Appendix A.4. Sr isotope model169

For each simulation that produces a set of realistic mixing proportions, the predicted170

Sr/Σ+ and 87Sr/86Sr are calculated using equations A.1 and A.2. This calculation is repeated171

1000 times using different end-member values for Sr/Σ+ and 87Sr/86Sr. Combinations of end-172

members and mixing fractions that produce values of Sr/Σ+ that are more than 5% from173

the measured values are discarded. For reference, the exact mixing model is included as a174

MATLAB script (Torres_etal_C_inversion.m).175

Appendix A.4.1. Li/Σ+ model176

For each calculation that produces a set of realistic mixing proportions, the Li/Σ+ of the177

sample is calculated using equation A.1. Only shale and granite are considered as Li sources.178

To get Li/Σ+ values for these end-members, we multiply the Li/Na ratios from Dellinger179
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et al. (2015) by the end-member Na/Σ+ used in the simulation. For reference, the exact180

mixing model is included as a MATLAB script (Torres_etal_D_inversion.m).181

Appendix A.5. Effect of weathering on pCO2182

The fluxes of alkalinity and DIC delivered to the ocean by chemical weathering depend183

upon the relative magnitude of different weathering reactions. Here, we consider how the184

proportion of cations sourced from carbonate weathering and the proportion of total weath-185

ering driven by sulfuric acid set the relative amounts of alkalinity and DIC production. By186

defining reference ratios of alkalinity to DIC that are associated with no change in pCO2,187

we determine which combinations of weathering reactions increase or decrease atmospheric188

pCO2 over different timescales.189

Appendix A.5.1. Relevant Chemical Reactions190

To quantify the effects of different weathering reactions on the budgets of alkalinity191

and DIC, we start by writing the acid consuming (carbonate and silicate dissolution) and192

acid producing (carbonic acid disassociation and pyrite oxidation) half-reactions. We then193

combine these half reactions in order to write full reactions for the weathering of carbonate194

and silicate minerals by carbonic and sulfuric acids. Finally, by comparing the relative195

amounts of DIC and alkalinity production resulting from each reaction, we determine how196

the proportion of cations sourced from carbonate weathering and the proportion of total197

weathering driven by sulfuric acid set the effect of weathering on atmospheric pCO2 over198

different timescales.199

The half-reactions for the proton-promoted dissolution of carbonate and silicate minerals200

can be written as:201

2H+ + CaCO3 ↔ Ca2+ +H2CO3 (A.3)

and202

4H+ + Ca2SiO4 ↔ H4SiO4 + 2Ca2+ (A.4)
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The corresponding half-reactions for acid generation by the disassociation of carbonic acid203

and the oxidation of pyrite can be written as:204

H2CO3 ↔ 2H+ + CO2−
3 (A.5)

and205

4FeS2 + 15O2 + 14H2O ↔ 8SO2−
4 + 16H+ + 4Fe(OH)3 (A.6)

The acid consuming half reactions (carbonate and silicate dissolution) can be combined206

with the acid generating half reactions (carbonic acid disassociation and pyrite oxidation)207

to generate full reactions describing the weathering of carbonate and silicate minerals by208

carbonic and sulfuric acid. To do this, we combine the above equations with the assumption209

that the number of moles of protons generated and consumed should be equal. We also follow210

the convention of writing all species as the dominant species at the carbonic acid equivalence211

point. In particular, this means that we will write all DIC species as H2CO3 and balance212

reactions by adding H+ ions as needed. The utility of this approach is that, after canceling213

out species that appear on both sides of an equation, any H2CO3 species that appear on the214

right hand side of an equation reflect DIC generation and any H+ species that appear on215

the left hand side of an equation reflect alkalinity production. This approach yields the full216

equations:217

2H+ + CaCO3 ↔ Ca2+ +H2CO3 (A.7)

0.5FeS2 +
15

8
O2 +

7

4
H2O + CaCO3 ↔ Ca2+ +H2CO3 + SO2−

4 + 0.5Fe(OH)3 (A.8)

4H+ + Ca2SiO4 ↔ H4SiO4 + 2Ca2+ (A.9)
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and218

FeS2 +
15

4
O2 +

7

2
H2O + Ca2SiO4 ↔ H4SiO4 + 2Ca2+ + 2SO2−

4 + Fe(OH)3 (A.10)

for carbonate-carbonic, carbonate-sulfuric, silicate-carbonic, and silicate-sulfuric weathering219

respectively.220

To compare their effects on DIC and alkalinity, we normalize all of the full weathering221

reactions (equations A.7 - A.10) by the charge equivalents of cations released, which is the222

quantity shown in Table A.1. This normalization insures that the results are not sensitive223

to the chosen mineral formula. This is particularly important for silicate minerals, which224

typically contain cations other than Ca2+ in appreciable amounts. This normalization also225

aids in the assessment of field data since estimates of chemical weathering in rivers are based226

on measurements of cation release.227

Using the coefficients in Table A.1, we can write equations for the production of alkalinity228

and DIC by weathering where229

Alkalinity = (z × (0x+ 0y)) + ((1− z)× (x+ y) (A.11)

and230

DIC = (z × (0.5x+ 0y)) + ((1− z)× (0.5x+ 0y) (A.12)

with z being the proportion of weathering driven by sulfuric acid, x being the charge equiv-231

alents of cations contributed by carbonate weathering, and y being the charge equivalents232

of cations contributed by silicate weathering.233

Appendix A.5.2. Short Timescales234

In the modern ocean, the ratio of alkalinity to DIC is approximately one. Consequently,235

on timescales shorter than the timescale associated with marine carbonate burial, atmo-236

spheric pCO2 will increase if the ratio of alkalinity to DIC delivered by rivers is less than237
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Table A.1: Alkalinity and DIC contributions per unit cation released (charge equivalents) for different
weathering reactions

Mineral/Acid ∆Alk ∆DIC
Carbonate-Carbonic 1 0.5
Carbonate-Sulfuric 0 0.5
Silicate-Carbonic 1 0
Silicate-Sulfuric 0 0

1. We note that this is strictly valid for the modern oceanic alkalinity to DIC ratio. To238

graphically show the implied effects of different combinations of weathering reactions on239

atmospheric pCO2, we set equations A.11 and A.12 both equal to one in order to solve240

for parameter combinations that yield no change in atmospheric pCO2 on short timescales,241

which gives the relationship242

zshort = 1− (0.5×R) (A.13)

where R is the proportion of cations sourced from carbonate weathering, i.e.:243

R =
x

x+ y
(A.14)

In a plot of R versus z (Figure 7), data that plot above the line described by Equation A.13244

are associated with CO2 release on timescales shorter than carbonate precipitation assuming245

close to modern conditions.246

Appendix A.5.3. Long Timescales247

Carbonate burial exports alkalinity and DIC from the ocean in a 2 to 1 ratio (reverse of248

equation A.7). So, on timescales longer than carbonate burial but shorter than pyrite burial249

(< 107 years; Berner and Berner 2012), atmospheric pCO2 will increase if rivers deliver250

alkalinity and DIC to the ocean in a ratio that is less than 2. We suggest that this reference251

alkalinity to DIC ratio should be valid regardless of the oceanic alkalinity to DIC ratio. To252

graphically show the implied effects of different combinations of weathering reactions on253

atmospheric pCO2 over long timescales, Equations A.11 and A.12 can be solved for when254
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Alk/DIC is equal to two, which gives the equation:255

zlong = 1−R (A.15)

In a plot of R versus z (Figure 7), data that plot above the line described by Equation A.15256

are associated with pCO2 increase on timescales longer than carbonate precipitation but257

shorter than pyrite burial.258

259
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