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 20 

Abstract 21 

River carbon transfers and associated greenhouse gas emissions are a major component of 22 

the carbon cycle. Proposals to use rivers and their catchments to increase carbon dioxide 23 

(CO2) drawdown, by enhanced rock weathering and river alkalinity enhancement, require 24 

secure delivery of dissolved inorganic carbon (DIC) and increased cation loads (e.g. Ca2+) to 25 

the ocean. Here we explore the fate of river DIC across hundreds of kilometres on an Andes 26 

to Amazon floodplain transect, where natural weathering fluxes are high. The holistic transfer 27 

of dissolved cations, DIC and CO2 release were determined, alongside radiocarbon-based 28 

insight on carbon source, in two seasonal campaigns in 2019. In the wet season, river CO2 29 

release was high and sustained: equivalent to 30-100 % of the instantaneous river DIC flux. A 30 

reach-scale weathering budget showed ancient DIC from carbonate minerals mixing with 31 

decadal-aged CO2. Across the river reach during the wet season, instantaneous fluxes 32 
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revealed that 21 ± 6 % of DIC and 13 ± 7 % of Ca2+ were lost across the lowland floodplain 33 

from upstream to downstream. These losses are attributed to a set of inorganic processes 34 

dominated by cation exchange, alongside a potential role for addition of other weathering acids 35 

and secondary carbonate formation. Not often considered in models of river DIC export, these 36 

cryptic sedimentary processes could reduce the CO2 drawdown efficiency achieved by carbon 37 

cycle management of river geochemistry by 10s of percent or more, particularly in catchments 38 

where sediment loads have been perturbed by human activities. 39 

 40 

Significance statement 41 

Technologies are needed to remove carbon dioxide from the atmosphere to help stop the 42 

worst impacts of climate change. There are proposals that use rivers to help remove carbon 43 

dioxide from the atmosphere, but these only work if they can carry carbon produced by rock 44 

weathering to the ocean. Using geochemical, flux, and radiocarbon measurements along an 45 

Andes–Amazon floodplain transect, we quantify the fate of dissolved inorganic carbon and 46 

weathering-derived cations during downstream transport. We find substantial wet-season CO₂ 47 

evasion and significant floodplain losses of both DIC and Ca²⁺. Mass balance and isotopic 48 

evidence indicate that inorganic sedimental processes, particularly cation exchange, drive 49 

geochemical reactions that create CO2 gas, which can easily be released into the atmosphere. 50 

These processes are not routinely represented in river carbon export models but may reduce 51 

effective carbon sequestration efficiencies associated with enhanced weathering and river 52 

alkalinity enhancement by tens of percent. 53 

 54 

Introduction 55 

Rivers play a central role in the carbon cycle, acting to exchange carbon between the 56 

atmosphere, biosphere and lithosphere1–3. As such, processes in river catchments impact 57 

Earth's climate across a range of timescales4,5, with modern-day river surfaces acting as a net 58 

source of 2.0 (1.6-2.2) PgC yr-1 of carbon dioxide (CO2) alongside other greenhouse gases 59 

(e.g. methane) to the atmosphere2,6,7. Rivers also carry carbon in dissolved and particulate 60 

form which can contribute to the generation of these greenhouse gas emissions8–10 or act as 61 

a longer-term sink through storage in the ocean and/or accumulation in continental and marine 62 

sediments11–13. A key component that connects river carbon pools is dissolved inorganic 63 

carbon (DIC, the sum of dissolved carbon species, CO2, HCO3
- and CO3

2-), which is controlled 64 

by chemical weathering across terrestrial landscapes3, alongside the biogeochemical 65 

processes that form and consume organic matter (OM)14,15. Understanding the river DIC pool 66 

is thus critical to assessing both river CO2 emissions that play out in the contemporary carbon 67 
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cycle2,16–18, and the export of DIC and associated dissolved cations to the oceans that stores 68 

carbon over >103 year timescales19. 69 

River DIC export could be increased through Enhanced Rock Weathering (ERW), as 70 

a proposed carbon cycle management solution to reach net zero emissions20–22. In addition, 71 

direct increases in river DIC are also being considered via River Alkalinity Enhancement (RAE) 72 

projects23. Both methods rely on the increased supply of cations (e.g. Ca2+, Mg²+) through the 73 

chemical weathering of silicate minerals21 and carbonate minerals24 for ERW, or through direct 74 

inputs to rivers for RAE. Field trials are underway for ERW that suggest that fine basalt powder 75 

additions to agricultural fields can undergo dissolution on annual timescales25. For these CO2 76 

removal processes to be effective, the newly produced weathering products (Ca2+, Mg2+) and 77 

associated DIC need to reach the oceans where the storage of DIC is stable over thousands 78 

of years26. Current carbon credit markets rely on protocols23 that still retain large uncertainties 79 

in the transport of carbon through rivers27,28.  80 

River CO2 emissions represent a potential net loss of the river DIC pool and could 81 

impact the net CO2 drawdown that arises from any modifications to river chemistry from ERW 82 

or RAE28. For instance, river CO2 release could act to increase pH and the saturation state of 83 

calcium carbonate, which could be a sink of Ca2+ and DIC. Modelling scenarios suggest 84 

secondary calcite precipitation in river systems could lower the efficiency of ERW CO2 removal 85 

by 16-27% 29. In addition, the pre-existing dissolved chemistry of a river places an upper bound 86 

on any potential CO2 drawdown, set by river CO2 release and carbonate precipitation24,30. Loss 87 

of ERW and RAE -derived cations and DIC could also occur through cation exchange 88 

reactions on sedimentary grains31. Analogous to processes identified as important in soils and 89 

shallow groundwaters32, the exchange of dissolved Ca2+ with H+ ions could reduce the DIC 90 

pool if this forces CO2 degassing, and/or lead to a delayed impact of ERW on stream and river 91 

geochemistry and resulting CO2 drawdown. Finally, inputs of acidity from natural and 92 

anthropogenically modified sources could drive DIC loss. Losses could be driven by increasing 93 

sulfide oxidation in permafrost and mountain environments33,34, mining impacts on sulfuric acid 94 

generation35 and nitric acids from fertilisers36.  95 

While models suggest river CO2 release could impact the security of DIC export to the 96 

ocean and thus ERW and RAE outcomes24,29, we lack field measurements to understand and 97 

quantify key processes and assess baseline drivers of net DIC loss in rivers. One challenge 98 

is that the net heterotrophy of many river systems, where OM respiration within and around 99 

river channels fuels high dissolved CO2 concentrations9,37, means that high river CO2 100 

emissions may not necessarily reflect a net reduction of river DIC export. In addition, while net 101 

annual river CO2 emissions and fluxes are generally well constrained at the global scale2,6, 102 

many estimates are derived from indirect estimates of dissolved CO2 concentration (from pH, 103 
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temperature, and alkalinity) and/or indirect measurements of CO2 emissions (from CO2 104 

concentration and gas exchange velocity). Finally, catchment-scale measurements of 105 

weathering pathways and fluxes38 are not often linked to assessment of river CO2 source18. 106 

To move forward, we need to i:) quantify CO2 losses in the context of the exported river DIC 107 

flux; ii) assess weathering inputs and the role of carbonate and silicate mineral weathering as 108 

sources of DIC; iii) consider the role of strong acids (sulfuric acid, nitric acid) in the dissolved 109 

geochemistry; iv) track river sediment geochemistry to assess water-sediment interactions 110 

and secondary carbonate formation.  111 

Here we provide new insight on the intertwined fates of river DIC and CO2 and their 112 

link to weathering inputs and secondary inorganic processes. We use hydrochemical methods 113 

to quantify water, DIC and solute fluxes during field campaigns in the wet and dry seasons 114 

(March and May 2019) over hundreds of kilometres of an Andes mountains to Amazon 115 

foreland floodplain transect (Fig. 1A) with high geochemical weathering rates 39,40. We combine 116 

the quantification of weathering inputs with radiocarbon and stable isotope measurements of 117 

river CO2, DIC, particulate organic carbon (POC) and particulate inorganic carbon (PIC), to 118 

track carbon sources. We find sustained CO2 release across the transect is driven by OM 119 

respiration that is older than previously noted in other tropical rivers. The measurements reveal 120 

a net river DIC and Ca2+ loss downstream in the wet season, which we assess considering 121 

additional weathering pathways and secondary processes associated with river sediments. 122 

Our findings suggest natural river systems have unseen complexities that will impact the fate 123 

of ERW and RAE applications, challenge assumptions regarding the security of river DIC 124 

export and effectiveness of CO2 drawdown.  125 

 126 

RESULTS  127 

Sustained river CO2 release from the Andes to Amazon floodplain 128 

The rates of river CO2 release across the sampling transect were high in the wet season 129 

(Methods, Table S1), ranging from 2.77 – 19.9 μmol m-2 s-1, an average of 7.4 ± 2.9 μmol m-2 130 

s-1 (n = 12, ± 2 standard error unless otherwise stated). These measurements are similar to 131 

river CO2 release measured in other tropical river basins and across the Amazon basin16,41. 132 

They result from high dissolved concentrations of CO2, of 22 – 86 μmol L-1, average 50 ± 12 133 

μmol L-1 (equivalent to 527 – 2600 ppm, average 1475 ± 350 ppm), combined with relatively 134 

high rates of gas exchange. The average measured gas transfer velocity (Methods) k600 = 16 135 

± 4 m day-1, towards the higher end of global river compilations2,42 and downstream Amazon 136 

River tributaries41, but consistent with the high flow period and steeper channel slopes 137 

associated with the Andes mountains and Amazon foreland floodplain43.  138 
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The measured CO2 release remained high from the mountains to lowland floodplain 139 

rivers, with CO2 release increasing downstream as cumulative channel area increased (Table 140 

S1). The measured CO2 release is large in comparison to the instantaneous DIC flux. At the 141 

largest drainage area downstream, the instantaneous upstream CO2 release (2360 mol s-1) is 142 

similar to the river DIC flux (2420 mol s-1) in the wet season (Table S2) and suggests the CO2 143 

losses are equivalent to ~98% of the DIC export. At the Rio Manu and Rio Alto Madre de Dios 144 

the cumulative upstream CO2 losses are also high, at 26% and 75% of the instantaneous DIC 145 

flux, respectively. 146 

A reach-scale flux balance (Methods, Table S2) reveals a notable net loss of DIC 147 

downstream during the wet season (Fig. 1B). The fluxes of dissolved Na+ and K+, which are 148 

mostly derived from silicate mineral weathering38, have negligible change downstream. Along 149 

this reach, the instantaneous sediment flux increased 10 ± 7 %. Increased sediment flux is 150 

likely to derive from Andean-fed inputs, active floodplain migration44 and alluvial gold mining 151 

in the upstream Rio Colorado45,46 that are eroding soil and mobilising floodplain sediment (Fig. 152 

1A). In contrast, the combined instantaneous DIC flux of the inputs was larger than 153 

downstream DIC flux on the Rio Madre de Dios (2420 ± 120 mol s-1). This loss of DIC (-620 ± 154 

180 eq s-1) is equivalent to -21 ± 6 % of the upstream DIC inputs (Fig. 1B; Table S2) and is 155 

coincident with an apparent instantaneous flux decrease of -400 ± 210 eq s-1 of Ca2+, alongside 156 

Mg2+ loss. In the dry season, the reach behaves differently, with a net downstream increase in 157 

Ca2+, Mg2+ and residual negative charge (assumed to be dominated by HCO3
-), of about half 158 

the magnitude of the wet season losses (Table S2, Fig. 1B). The large-scale transient losses 159 

of river CO2 and changes in DIC and cation fluxes suggest a dynamic biogeochemical system. 160 

To understand the drivers and consequences we need to first assess the source of CO2 inputs 161 

from the landscape and during river transport.  162 

 163 

Isotopic insight on river CO2 and DIC inputs from organic matter respiration 164 

Previous work on the rivers of the Amazon Basin interpreted radiocarbon measurements on 165 

DIC to suggest that CO2 released from rivers was very young, originating from organic matter 166 

formed less than five years prior to sampling9. However, in that work, sites where significant 167 

carbonate weathering inputs were suspected were not included, with dissolved ion data not 168 

available to help account for the million-year old CaCO3-derived DIC. These included locations 169 

in the upper Rio Maderia and the Rio Beni sampled in 1994 and 1996 (Fig. 2A & B), the 170 

neighbouring tributary to the Madre de Dios. F14C measurements on evaded river CO2 from 171 

the lowland Madre de Dios Basin from 201247 were interpreted as reflecting carbonate 172 

weathering inputs, in addition to CO2 sourced from organic matter formed before 1955. 173 



Hilton et al., non-peer reviewed preprint submitted to EarthArXiv and for review at PNAS 

Here, we find river CO2 and DIC from the Andes to the Amazon floodplain was 14C-174 

depleted compared to the atmosphere (Fig. 2) and generally consistent with the range of 175 

values measured in the adjacent Rio Beni catchment (Fig. 2A), also fed from the erosive, 176 

sedimentary-rock bearing Andes. The CO2 carried in the main stem of the Madre de Dios 177 

downstream had a F14C value of 0.809 that was very similar to the larger DIC pool (Methods, 178 

Table S3) and CO2 F14C values in the main tributaries (Manu, Alto Madre de Dios). The 179 

highest F14C values of CO2 (F14C = 0.954) and DIC (F14C = 0.923) measured in the lowland 180 

Rio Los Amigos that drains only floodplain. These values suggest some input of 14C-depleted 181 

DIC in all rivers, which could reflect some combination of rock-derived inputs (carbonate 182 

minerals, rock organic matter oxidation) that are known to be important weathering 183 

processes38,40, or other aged organic matter sources in soils and sediments18,47.  184 

To quantify the source and age of river CO2 inputs, we quantify chemical weathering48 185 

alongside the known important role of organic matter respiration in tropical river 186 

systems2,8,16,47. Silicate mineral weathering by carbonic acid produces dissolved cations and 187 

draws down CO2 at the reaction site into the DIC pool, dominantly as the bicarbonate ion 188 

(HCO3
-,). In parallel, carbonate minerals hosted in rocks can be dissolved by CO2-rich soil 189 

porewaters or stronger acids49–51 and deliver cations Ca2+ (and Mg2+) alongside HCO3
-. A 190 

portion of this DIC represents contemporary CO2 drawdown, while the remainder is geological 191 

in age. In the case of this region of the Andes, Paleozoic sedimentary and metasedimentary 192 

rocks are widespread and carbonate mineral weathering dominates the delivery of cations and 193 

DIC to river systems38, in analogy with many catchments around the world3. 194 

Alongside DIC inputs from carbonate minerals, the input of DIC supplied via respiration 195 

(and/or exchange with the atmosphere) can be assessed using isotope mass balance 48. To 196 

do so, it is necessary to account for both the river DIC flux (QDIC, mol s-1) and the flux of CO2 197 

emitted from the combined upstream channel area, FCO2 (mol s-1) (Methods)18,52, where the 198 

total DIC flux (QDIC-total, mol s-1) at a point in a river system is described as:  199 

𝑄஽ூ஼ି௧ = 𝑄஽ூ஼ + 𝐹஼ைଶ + 𝑄ௌ஼   (Equation 1) 200 

where QSC is a loss of DIC to secondary carbonate precipitation. The very low particulate 201 

inorganic carbon (PIC) concentration in river sediments of the downstream sites (~0.01 weight 202 

%, Table S5) suggests QSC is small and we do not account for it here. The sources of this total 203 

DIC can then be modelled as either carbonate mineral derived (i.e. millions of years old) or 204 

derived from respiration of OM (Methods). This OM can range in age dramatically, with rapidly 205 

cycling OM delivering CO2 via autotropic and heterotrophic respiration on DOC and POC 206 

which may be a matter of years old8, while older stores in biomass and soils can contribute 207 

decadal-aged C, and potentially centennial to millennial aged carbon18,47,48. Rock organic 208 
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matter weathering can also release CO2 in the weathering zone53 and trace element proxies 209 

suggest this is an important source of CO2 in the Madre de Dios Basin40.  210 

The measured radiocarbon and stable isotope composition of river DIC and CO2 (Table 211 

S3) requires a large and sustained CO2 supply from OM respiration. Based on the 212 

contributions of DIC from silicate and carbonate mineral weathering, and scenarios capturing 213 

the potential fate of CO2 and role of sulfide mineral oxidation, we calculate a range of plausible 214 

values of the radiocarbon and stable isotope composition of the non-carbonate mineral 215 

sourced DIC (F14Cnon-CaCO3 and δ13Cnon-CaCO3, Methods). In line with previous work, carbonate 216 

mineral weathering is an important contributor, and we estimate the fraction of the total DIC 217 

pool (DIC + CO2 lost to evasion) from CaCO3 minerals ranged from ~0.10 to 0.25 (Table S4). 218 

In the main channel of the Rio Madre de Dios, the non-carbonate sourced DIC (Fig. 3A) have 219 

estimated F14Cnon-CaCO3 values of 1.02 – 1.12 (the interquartile range of estimates) and δ13Cnon-220 

CaCO3 of between -21.8 ‰ to -20.9 ‰ (Table S4). These F14C non-CaCO3 values are similar to 221 

estimates upstream in the Manu (1.05 – 1.17) and Alto Madre de Dios (0.99 – 1.09). In the 222 

floodplain river, Rio Los Amigos, the F14C non-CaCO3 values were higher 1.18 – 1.29 and δ13Cnon-223 

CaCO3 values ~-25 ‰ (Table S4). The stable isotope composition is consistent with an OM 224 

source of CO2 in surface soils and relatively minor direct contributions from atmospheric CO2 225 

(δ13Catmosphere -8.2 ‰) (Fig. 2B). The calculated F14Cnon-CaCO3 values at these downstream and 226 

lowland sites are generally higher than the atmosphere in the year of sampling (2019, 227 

F14Catmosphere = 1.02)54. This requires inputs from OM in biomass and soil that retains the 228 

elevated 14C signature of the “bomb spike” (Fig. 3A). In the Andes and at the mountain front, 229 

we estimate lower potential F14Cnon-CaCO3 values down to ~0.90 and recognise that this itself is 230 

a mixture of potential carbon sources (Table S4).   231 

The seminal work on river CO2 emissions in the Amazon Basin concluded that they 232 

were fuelled by supply of CO2 from OM that was less than 5 years old in the lowland, where 233 

the signature of CaCO3-drived DIC was deemed negligible2. Our data show rivers in the 234 

Andean adjacent floodplains cycle carbon older than 5 years old into CO2. The F14Cnon-CaCO3 235 

values (Fig. 3A) in the lowland Rio Los Amigos are equivalent to organic matter formed from 236 

atmosphere between ~40 to ~50 years before the sampling period54, while the main stem the 237 

values are equivalent to organic matter formed up to ~20 years prior. At the Andes mountain 238 

front, the F14Cnon-CaCO3 values suggest older OM may be important. The input of CO2 from rock 239 

OM oxidation is highest within 50 km of the mountain front40, and so could explain some 14C-240 

depletion. It could also be sourced from the degradation of OM found in the deep organic rich 241 

soils of the Kosnipata river basin and that are eroded and carried in river sediments and the 242 

POC load55,56. By accounting for carbonate weathering inputs and the instantaneous DIC flux 243 
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and CO2 release (Methods) we therefore find evidence for decadal-aged, biosphere-derived 244 

OM contributing to high rates of CO2 emission.  245 

 246 

River DIC losses linked to water-sediment interactions 247 

Given the backdrop of high rates of CO2 evasion, equivalent to up to 98% of the river DIC pool, 248 

it is important to understand how this could impact the security of the river DIC pool during 249 

downstream transit. During the wet season, the reach-scale instantaneous mass balance 250 

shows -21 ± 6 % loss of DIC (Fig. 1B), while other cations (Na+) did not decline (Table S2). In 251 

the dry season, the reach scale mass balance shows an increase in DIC downstream, albeit 252 

about half of the dry season loss (Fig. 1B, Table S2). The wet season DIC loss presents a 253 

geochemical conundrum: it is not solely a CO2 loss, but a decrease in the anion HCO3
- that 254 

must have other consequences. To compensate for the loss of HCO3
- and negative charge, 255 

there are three mechanisms of note to discuss: i) secondary carbonate precipitation; ii) 256 

continued pyrite mineral weathering and sulfuric acid addition; iii) cation exchange reactions.  257 

The reach scale mass balance shows a decline in Ca2+ flux downstream, of -200 ± 110 258 

mol s-1 (or -13 ± 7 %) and Mg2+ of -25 ± 20 mol s-1 (or -8 ± 6 %)  which is roughly half of the 259 

DIC flux decline of -620 ± 180 mol s-1 (Fig. 1B). This decline would be consistent with 260 

secondary carbonate precipitation, with the stoichiometry of Ca2+ loss to HCO3
- (or DIC) loss 261 

of ~ 1:2. However, given the pH, temperature, DIC and alkalinity of the river water, we calculate 262 

that the calcite saturation index, SIcalcite is -0.9 in the Manu and -1.4 in the main stem Madre 263 

de Dios (Methods, Supplementary Table S3). This is much lower than calcite saturation (SIcalcite 264 

= 0) and much lower than river water which is inferred to be super-saturated with respect to 265 

calcite up to SIcalcite ~ 1 24,29. We further examine evidence for secondary carbonates in the 266 

river sediment load using F14C values of particulate inorganic carbon (PIC) (Table S5). The 267 

lowland river suspended loads have an elevated F14CPIC = 0.14 (Fig. 2B) compared to that 268 

expected for detrital carbonate (F14CPIC ~ 0). Any secondary carbonate would have the F14C 269 

value of river DIC ~0.80. Considering a binary mixture of the DIC pool and detrital carbonate, 270 

the measured values suggesting this mechanism, albeit that the detrital CaCO3 is still the 271 

major pool in the river sediments. There could be higher PIC contributions in riverbed materials 272 

which can have altered pore water chemistry. However, the PIC concentration is very low in 273 

exported river sediments (~0.01%), with an estimated instantaneous flux of secondary PIC of 274 

~9 mol s-1 that is ~1 % of the DIC loss. Secondary carbonate formation cannot be playing a 275 

major role. 276 

The continued oxidation of detrital pyrite across the floodplain reach could drive DIC 277 

loss via supply of H2SO4: 278 
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2𝐻𝐶𝑂ଷ
ି + 𝐻ଶ𝑆𝑂ସ + 𝑋ଶା = 2𝐶𝑂ଶ + 2𝐻ଶ𝑂 + 𝑆𝑂ସ

ଶି + 𝑋ଶା (Equation 2) 279 

where X2+ represents charge from cations in the water. An important role of continued pyrite 280 

oxidation is supported by the downstream increase in instantaneous dissolved SO4
2- flux of + 281 

8 ± 6 % (Table S2). Paired S and O isotopes of SO4
2- in these samples also support this 282 

mechanism39, indicating pyrite oxidation as the primary SO4
2- source. These findings suggest 283 

that sulfuric acid could titrate the DIC pool of large rivers and drive CO2 loss that contributes 284 

to contemporary river CO2 emissions. However, the SO4
2- flux increase of 14 ± 10 mol s-1 can 285 

explain only ~5 % of the DIC losses via this mechanism, and sulfide oxidation cannot explain 286 

the decrease of the instantaneous Ca2+ flux downstream (Fig. 1B).     287 

We propose that cation exchange on charged particle surfaces could play a major role 288 

in driving DIC loss during the wet season sampling, caused by rapid changes in water-solid 289 

equilibrium reactions (Fig. 3B). Clay minerals, colloids and organic matter have negatively 290 

charged sites on their particle surfaces which can transiently host and exchange cations and 291 

protons. Cation exchange can remove Ca2+, while releasing other cations such as Na+, or H+ 292 

ions 31,57,58.  293 

𝐶𝑎ଶା +  2𝐻𝐶𝑂ଷ
ି ⇌ 2𝐻ା + 2𝐻𝐶𝑂ଷ

ି ⇌ 2𝐶𝑂ଶ + 2𝐻ଶ𝑂  (Equation 3) 294 

Exchange of protons for Ca2+ on colloids, mineral surfaces and DOC could thus operate to 295 

drive a 1:2 ratio of Ca2+ loss to CO2 degassing in analogy with process happening in soils, 296 

where water-particle contact times are longer32.  297 

The cation exchange capacity in rivers is strongly correlated with suspended sediment 298 

concentration (SSC) 31 and likely to be bolstered by high POC and DOC loads in Amazon 299 

River tributaries 10,59–61. For the wet season Rio Madre de Dios, a high SSC of between 1610 300 

mg L-1 (at 2 meters water depth) and 4680 mg L-1 (10 meters) could result in an exchangeable 301 

Ca2+ pool equal to ~10-30% of the dissolved Ca2+ pool31. This provides a large enough pool to 302 

explain the magnitude and ratio of Ca2+ and DIC loss along the instantaneous reach flux 303 

measurements (Table S2). An important role for cation exchange on particles is also supported 304 

by the lack of measured change in dissolved ion fluxes downstream during the dry season 305 

(May 2019). At this time of year, sediment concentrations and fluxes are lower as rainfall-306 

driven and riverbank erosion decrease.   307 

The inorganic driver of DIC loss via cation exchange during the wet season may be 308 

intimately linked to organic matter degradation and CO2 supply, alongside CO2 release in this 309 

river, that act as a lever on water pH, and could lead to dynamic changes in particle-water 310 

exchange equilibria. Experiments and semi-empirical models suggest a pH-dependence of 311 

both Ca2+ uptake to particle surfaces and the relative competition between H+ and Ca2+ for 312 

surface exchange sites 58,62. At dissolved Ca2+ concentrations similar to measured here (~400 313 
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µmol L-1), the proportion of dissolved Ca2+ on DOC and mineral surfaces is predicted to 314 

increase ~2-3 times between pH 6 and 8, while the H+/Ca2+ ratio of ions on surfaces is 315 

predicted to decline. As such, the continued CO2 release along this reach, and its impact in 316 

reducing H2CO3, could increase pH and influence the cation exchange dynamics in a way that 317 

causes a decline in pH and release of CO2 (Equation 3). These cryptic secondary processes 318 

have not been measured directly in this, or other, river systems. Nevertheless, our findings 319 

suggest cation exchange could be a major driver of net DIC loss in this large tropical river. 320 

 321 

DISCUSSION 322 

Implications for the security of river DIC export  323 

To limit the impacts of future climate change, reductions in CO2 emission are critical but may 324 

not be possible for industries that are hard to decarbonise63. As such, there is a pressing need 325 

for CO2 removal strategies that can be deployed at scale and that can achieve secure and 326 

permanent storage of CO2. ERW holds promise and has been the subject of large-scale 327 

trials25, while direct RAE is an emerging field of research, albeit one which companies are 328 

applying it to achieve CO2 removal23. The CO2 drawdown achieved by the carbon 329 

management technologies of ERW and RAE require the increase of stream and river cation 330 

loads and the secure export of DIC and cations to the ocean28. While CO2 release from river 331 

surfaces is known to be a major carbon flux2, if it is supplied from organic matter respiration18 332 

it cannot alone act to decrease the net DIC export that is set by the cation and anion load 333 

derived from chemical weathering and atmospheric inputs24.  334 

Model studies suggest that rivers do have the geochemical capacity to transport a 335 

sizable increase in DIC flux to the ocean30, albeit with an upper limit where carbonate 336 

precipitation could be triggered in river waters24. For UK rivers, it has been estimated29 that 337 

carbonate precipitation could lead to a 16-27% reduction in CO2 removal potential of ERW at 338 

the application rates necessary to impact national carbon budgets. However, the potential of 339 

cation exchange processes in driving DIC loss in rivers has not been assessed. Cation 340 

exchange reactions are a well-known feature of global river systems and argued as a major 341 

sink of Ca2+ (and source of Na+) in rivers around the world31. These processes could play an 342 

unseen role in the modern-day land to ocean riverine carbon transfer6, while being modified 343 

by land use change and modifications to river chemistry by ERW and RAE. 344 

Anthropogenic activities could act to increase cation exchange and drive net DIC loss 345 

from rivers. Globally, it is estimated river sediment loads have increased ~215% due to 346 

agricultural, urban and industrial land use changes64. For example, the Rio Colorado in our 347 

study region (Fig. 1A) has been heavily impacted by mining of alluvial floodplain deposits for 348 
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gold, involving large scale deforestation and extensive mechanical re-working of sediments 349 

proximal to river channels46,65. In both wet and dry seasons, the Rio Colorado has a very low 350 

Ca2+/Na+ ratio of ~1 compared to the main stem of the Madre de Dios of 4.340 and we found 351 

that CO2 release was higher downstream of its confluence (Table S1). This hints that large 352 

scale disturbance of sediment loads could result in cation exchange that impacts the river 353 

dissolved load 31 and the DIC pool in the Rio Colorado. Secondly, at the regional to global 354 

scale, anthropogenic activities may have reduced the reversibility of these reactions. In many 355 

in estuarine environments, Ca2+ on surfaces may be exchanged in seawater 57 and potentially 356 

drive an invasion of CO2. However, the construction of dams and reservoirs has reduced 357 

sediment export to the ocean by 49%64. These observations have important implications for 358 

ERW accounting27, which may need to either: (1) adopt a conservative assumption that any 359 

Ca2+ estimated to be removed by cation exchange represents a loss of CDR (e.g. analogous 360 

to current protocols in terms of soil exchangeable ions23), or (2) incorporate sediment transport 361 

and exchange modelling to estimate the fraction and timing of sediment delivery to oceans. 362 

When considering the CO2 removal achieved by ERW and RAE, our work suggests 363 

that cation exchange reactions in rivers could impact the security of DIC export over seasonal 364 

cycles lined to river sediment transport (Fig. 1A). In addition to the important role of cation 365 

exchange in soils for causing delays to CO2 drawdown32, we propose river sediments need to 366 

be accounted for when modelling the fate of alkalinity additions. Based on the observations 367 

made here, the best sites for ERW and RAE deployment could then also include consideration 368 

of rivers with low sediment loads, or load which has low cation exchange capacity, in addition 369 

to higher pH rivers (where exchange may have reached equilibrium). Field measurements 370 

alongside laboratory and numerical experiments are required to assess how ERW and RAE 371 

increases to cation and DIC loads could impact cation exchange in rivers and their degree of 372 

reversibility, helping to accurately account for the CO2 drawdown that is required to reach 373 

global climate goals.    374 
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Materials and Methods  375 

Study area 376 

We focus on the Rio Madre de Dios which drains the Peruvian Andes to the lowland Amazon 377 

River, and is one of the major tributaries of the Rio Maderia. The basin is well characterised 378 

through a significant body of work examining hydrology 39,66,67, geomorphic processes and 379 

organic matter cycling 68,69 chemical weathering provenance and fluxes from carbonate, 380 

silicate and sulfide mineral weathering alongside rock organic matter oxidation 38,40. The wider 381 

Amazon has also been a focus of seminal papers on river CO2 emissions 8,9,16,41 and the use 382 

of radiocarbon to track carbon source and cycling across the basin 9,47. Sampling focused on 383 

key locations in the river network (Fig. 1A), which include the Andean Rio Kosnipata; the Rio 384 

Alto Madre de Dios close to the mountain front; the confluence of two large Andean fed rivers, 385 

the Rio Manu and Rio Alto Madre de Dios; the Rio Los Amigos that drains only floodplain; and 386 

the downstream Madre de Dios at Dios at the Los Amigos Biological Station (formally CICRA) 387 

(Table S1 and S2).  388 

At these key sites, and others between them, a set of holistic hydrometric and 389 

geochemical measurements were made in March 2019 during a 6-day Andes to Amazon 390 

lowland transect. The sites were re-sampled for major ions and dissolved ion fluxes during the 391 

dry season of the same year in May 2019 39,40.  392 

Dissolved ions, dissolved CO2 and river CO2 emissions 393 

In March and May 2019, water samples were collected from the surface of main channels 394 

using a pre-rinsed bucket, and from discrete depths near the Los Amigos Biological Station 395 

on the Rio Madre de Dios using an adapted Van Dorn sampler. The sampling methods for 396 

dissolved load chemistry are described in detail previously 40. In summary, river water was 397 

collected into sterile gas tight cider sampling bags and stored in the dark until filtration within 398 

6 hours of collection. Waters were filtered through 0.2 μm PES filters and stored in pre-cleaned 399 

HDPE bottles (pre-acid cleaned for cations and trace elements; and deionised water cleaned 400 

for anions) in the dark, shipped to the UK and stored at 4°C until analysis. Major cations, 401 

anions and trace elements are reported in previous studies 39,40. In summary, the major cations 402 

and anions reported here were determined by Ion Chromatography at Durham University or 403 

University of Southern California to a precision better than 3% (Table S3). In addition, pH and 404 

water temperature were measured using hand-held probes in the field and calibrated between 405 

sample locations.  406 

During the wet season sampling in March 2019, at 12 sites across the transect, CO2 407 

concentrations and surface emissions were measured. Dissolved CO2 concentrations were 408 

measured using a headspace sampling method 70. Using two 60mL syringes, 30mL of river 409 
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water was collected and then 30mL of ambient atmosphere added (partial pressure of CO2, 410 

pCO2, measured with an infrared gas analyser IRGA - PP systems EGM5). The syringes were 411 

capped and shaken for 2 minutes. The headspace was injected into the IRGA and a box 412 

function recovered to determine pCO2, (ppm) in the headspace mixture. The IRGA was re-413 

zeroed, using a soda lime trap to create a zero CO2 sample before each set of injections. The 414 

dissolved CO2 concentration in the sample was then calculated using established approaches 415 
70 as the average of the duplicate measurements, which had an average RSD of 6%.  416 

At 12 sites river CO2 release (also termed river CO2 evasion, or emission) was 417 

measured using a floating chamber method 16,41. A chamber (surface area, Achamber = 0.08 m2, 418 

chamber and sampling line volume Vchamber = 0.023 m3) was placed on the channel surface for 419 

3 minutes to measure change in pCO2 over time. The chamber was then raised and flushed 420 

with atmosphere and the measurement repeated between 3 to 6 times at each site. The 421 

measured pCO2 accumulation rate (ΔpCO2/Δt, µatm s-1) was calculated using a linear fit with 422 

associated uncertainty and converted to a flux of CO2 release (FCO2, mol m-2 s-1):  423 

𝐹஼ைଶ =
∆௣஼ைమ

∆௧
∙

௏೎೓ೌ೘್೐

(ோ∙்∙஺೎೓ೌ೘್೐ )
     (Equation 4) 424 

where T is the temperature (oK) and R the universal gas constant (82.057 m3 µatm K-1 mol-1). 425 

At the 10 sites with paired measurements of FCO2 and dissolved CO2 concentration, the gas 426 

transfer velocity, k (m day-1), was quantified using:  427 

𝐹஼ைଶ = 𝑘 ∙ (𝐶௪ − 𝐶௔௧௠) ∙ 𝛽     (Equation 5) 428 

where Cw is the dissolved CO2 concentration in the water (µmol L-1) and Catm is the 429 

concentration of CO2 (µmol L-1) in a water parcel at equilibrium with CO2 in the atmosphere at 430 

that site (Table S1) and β is a conversion factor between s and days 41.  431 

Radiocarbon and stable isotopes of CO2 and DIC 432 

To constrain the isotopic composition of dissolved CO2 and the wider river DIC pool, we 433 

focused on a method which eliminates the need for frozen water storage or use of poison in 434 

the field. The super-headspace method was used to sample the river CO2 71 with some 435 

modifications to aid with sample collection. During the wet season sampling campaign (March 436 

2019), 12L of river water was collected in a gas tight cider bag and sealed with a bung. A CO2-437 

free headspace was added to the sample using a soda-lime cartridge and the IRGA pump. 2-438 

3 L of headspace was added prior to rigorous shaking for 3 minutes to transfer dissolved CO2 439 

into the headspace 71. The headspace was then extracted and collected onto a zeolite trap, 440 

with between 1.1 and 5.32 ml of CO2 collected onto each sieve. 441 

In addition to river CO2, we also collected DIC for isotopic analysis. Here, river water 442 

collected with a syringe was filtered through a 0.2 μm PES filter into a foil bag 72. Between 443 
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200-500 mL of sample was collected. Bags could not be refrigerated or frozen while in the 444 

field but were frozen on return to the laboratory between 3 and 9 days following collection.  445 

The samples of CO2 on zeolite sieves were recovered in the laboratory at the NEIF 446 

Radiocarbon Laboratory, East Kibride UK, using methods previously described 71. For the DIC 447 

bags, pure sample CO2 was cryogenically recovered following acid hydrolysis 72 and the DIC 448 

concentration calculated (mol L-1). An aliquot of the recovered CO2 from each sample was 449 

used for stable C isotope measurement using isotope ratio mass spectrometry (IRMS) and 450 

reported as δ13C relative to VPDB. Radiocarbon was measured by accelerator mass 451 

spectrometry (AMS) following graphitisation 73 with results normalised to δ13C = -25 ‰ to 452 

account for isotopic fractionation and reported as the Fraction Modem (F14C) 74, where 14C age 453 

= -8033 * Ln (F14C). 454 

It is uncommon to have paired measurements of F14C-DIC and F14C-CO2 from river 455 

systems. The equilibration of CO2 and HCO3
- in aqueous solutions is typically between 20-200 456 

s 75 which can be viewed as quick in the reference frame water residence times in catchments, 457 

which are of the order of days or longer 76. However, in laboratory experiments, isotopic 458 

equilibrium between CO2 and HCO3
- is longer, at ~1-2 hours 77.  While still fast compared to 459 

mixing of waters in rivers, it is not instantaneous, and there could be river settings where CO2 460 

supply from respiration of tributaries does not mix as quickly with the DIC pool.  461 

A published assessment of available data showed that the F14C-CO2 and F14C-DIC 462 

values of streams, rivers and lakes were generally in close agreement for a range of pH values 463 

from 6 to 9, with a mean difference of 0.02 18. At pH ~6-7, F14C-CO2 was generally slightly 464 

higher than DIC, by ~0.01-0.04. Four of the five paired CO2 and DIC samples taken here 465 

showed a similar pattern, with F14C-CO2 higher by 0.0298, which is higher than analytical 466 

uncertainty (Table S3). This is interesting and suggests the potential for some systematic offset 467 

between CO2 and DIC, albeit small, in these tropical rivers. At one of our sites (Rio Alto Madre 468 

de Dios at the mountain front) the difference was larger, with F14C-CO2 0.0923 higher than the 469 

corresponding F14C-DIC measurement (Table S3). This site is found where several tributaries 470 

meet and mix in a reach where steeper, gravel bed river sections of the river system are still 471 

present close to the Andes front that cause a large degree of internal and surface water 472 

turbulence at high flow. We speculate that these geomorphic features could lead to greater 473 

disequilibrium between the dissolved carbon species in the river, and manifest as a higher 474 

(more modern) F14C-CO2 value than the bulk DIC. Further work should explore these 475 

interesting observations in a larger number of river basins. Given the good agreement between 476 

CO2 and DIC for the other sites, we focus our analysis on the CO2 measurements for all sites.  477 

 478 
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Radiocarbon and stable isotope analysis of river POC and PIC 479 

Measured quantities of river particulate organic carbon (POC) were decarbonated using a ‘no 480 

leach’ acid treatment that retained mobile organic carbon78 and subsequently combusted to 481 

CO2 using the sealed quartz tube method79. Particulate inorganic carbon (PIC) was converted 482 

to CO2 from measured amounts of sediment using acid hydrolysis 73. The cryogenically purified 483 

CO2 was recovered from both sets of samples and quantified using a calibrated volume.  All 484 

samples were converted to graphite using Fe-Zn reduction and measured by AMS 73, with 485 

results expressed as F14C as described above. 486 

River chemistry equilibrium modelling 487 

Calcite saturation indices were calculated using PHREEQC (Version 3)80, with the phreeqc.dat 488 

thermodynamic database. Input chemistry included major cation concentrations (Ca2+, Mg2+, 489 

Na+, K+ and Sr2+), major anions (F-, Cl-, NO3
- and SO4

2-), temperature, DIC and pCO2. 490 

Measured DIC and pCO2 (Supplementary Table S1 & S3) were used to constrain carbonate 491 

speciation and calculate the calcite saturation index (SImeasured). Predicted pH values were on 492 

average within 0.27 pH units to measurements, and had no systematic bias to higher or lower 493 

pH. The assessment requires some negative charge deficit, which is consistent with the 494 

interpretations that DOM, colloids and mineral surfaces are playing an important role in the 495 

charge balance and equilibrium exchange chemistry of these river waters.  496 

River channel surface area 497 

We used the newly developed Global River Topology (GRIT)81 as the underlying river network. 498 

GRIT contains multiple river-reach attributes, including upstream drainage area, river width 499 

and river length. River width was derived as the median value from the Global River Widths 500 

from Landsat (GRWL)82 database for each river reach, with an approximate reach length of 1 501 

km. Sampling sites were matched to the river network at the reach scale using a nearest-502 

distance method. After each sampling site was linked to its corresponding river reach, the 503 

upstream river-channel surface area was calculated by summing the product of river width 504 

and reach length across all upstream river reaches. 505 

Instantaneous water and solute fluxes 506 

During both wet and dry season trips, instantaneous water discharge (Qw, m³/s) was measured 507 

using a boat mounted Acoustic Doppler Current Profiler (ADCP). Measurements were made 508 

in both trips on the Alto Madre de Dios, Chilibe, Colorado, and the downstream Madre de Dios. 509 

Unfortunately, at the Rio Manu, an instrument failure in March 2019 means that we do not 510 

have a measurement from this site, but this site was measured in May 2019. In March 2019, 511 

the Rio Manu Qw was calculated assuming a closed Qw balance (i.e. Manu = Madre de Dios - 512 
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Alto Madre de Dios - Chilibe – Colorado). At least two repeated channel transects were made 513 

to measure Qw, and these had an average relative standard deviation of 3.6% and so we 514 

assume Qw has a precision of better than ± 5%.  515 

Instantaneous fluxes of suspended sediment and dissolved constituents (mol s-1) were 516 

determined by multiplying concentrations (mg m-3 or mol m-3) by water discharge (Table S2). 517 

A reach scale mass balance of water and dissolved constituents downstream for both 518 

seasonal sampling campaigns was represented as the percentage difference between the 519 

sum of upstream fluxes from the Rio Manu, Rio Alto Madre Dios, Rio Chilibe and Rio Colorado 520 

to the Rio Madre de Dios downstream (Table S2) 521 

The isotopic composition of CO2 addition via weathering partitioning 522 

To use radiocarbon and stable carbon isotopes to better constrain the source of CO2 input into 523 

the DIC load of these Andean to Amazon floodplain rivers, we aim to un-mix the contribution 524 

of DIC directly from the CaCO3 minerals liberated during carbonate weathering for the wet 525 

season samples where all data is available. First, we model the total DIC pool (DICtotal, µmol 526 

L-1) as the combination of the within river DIC measured at a site (DICriver) plus the DIC lost as 527 

CO2 was emitted during transport to the site (DICCO2-loss), alongside secondary carbonate 528 

precipitation (DICSC): 529 

𝐷𝐼𝐶௧௢௧௔௟ = 𝐷𝐼𝐶௥௜௩௘௥ + 𝐷𝐼𝐶஼ைଶି௟௢௦௦ + 𝐷𝐼𝐶ௌ஼ (Equation 6) 530 

Here DICSC ~ 0 due to the very low particulate inorganic carbon concentrations (Table S5) and 531 

thus: 532 

𝐷𝐼𝐶௧௢௧௔௟ = 𝐷𝐼𝐶௥௜௩௘௥ + 𝑓஼ைଶି௟௢௦ ∙ 𝐷𝐼𝐶௥௜௩௘௥ (Equation 7) 533 

where fCO2-loss is the river CO2 loss upstream of a sampling point expressed as a fraction of the 534 

measured river DIC pool at the sampling location.  535 

The total DIC pool can be modelled as the mixture of carbonate mineral DIC (DICCaCO3) 536 

and DIC from other carbon inputs: 537 

𝐷𝐼𝐶௧௢௧௔௟ = 𝐷𝐼𝐶஼௔஼ைଷ + 𝐷𝐼𝐶௡௢௡ି஼௔஼ைଷ   (Equation 8) 538 

𝑓஼௔஼ைଷ =
஽ூ஼಴ೌ಴ೀ

஽ூ஼೟೚೟ೌ೗
     (Equation 9) 539 

where fCaCO3 is the fraction of carbonate mineral derived DIC in the total DIC pool. The DICnon-540 

CaCO3 comprises of some combination of: i) DIC sourced from atmospheric or CO2 during 541 

carbonate mineral weathering; ii) DIC sourced from atmospheric or CO2 during silicate mineral 542 

weathering; iii) CO2 inputs associated with autotropic respiration of plants and heterotrophic 543 

respiration of organic matter in soils, sediments or river waters (DOC and POC re-544 
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mineralisation); iv) oxidation of rock organic matter; and v) invaded or exchanged CO2 from 545 

the atmosphere.  546 

The isotopic composition of the “non-CaCO3” derived DIC can then be calculated to 547 

assess its source. We assume that the CO2 inputs mix quickly with the existing DIC pool on 548 

the days long transport of the river water, and that the CO2 lost has the same F14C value as 549 

the DIC pool 18, while remembering the F14C notation corrects for any stable isotope 550 

fractionation 74, then the F14C value of DIC pool in the river (F14Criver = F14Ctotal) can then 551 

described as: 552 

𝐹ଵସ𝐶௥௜௩௘௥ = 𝑓஼௔஼ைଷ ∙ 𝐹ଵସ𝐶஼௔஼ை + (1 − 𝑓஼௔஼ைଷ) ∙ 𝐹ଵସ𝐶௡௢௡ି஼௔஼ை   (Equation 10) 553 

Where the million-year-old CaCO3 has a F14CCaCO3 ~ 0 (i.e. indistinguishable from analytical 554 

backgrounds). In contrast the stable isotope composition is complicated by isotope 555 

fractionation. The portion of DIC present as CO2 has a lower δ13C value than HCO3
- in 556 

equilibrium (Zhang et al., 1994), meaning that CO2 emissions can cause the DIC pool to evolve 557 

to higher δ13C values. As such:  558 

𝛿ଵଷ𝐶௥௜௩௘௥ = (1 + 𝑓஼ைଶି௟௢ ) ∙ (𝑓஼௔ ∙ 𝛿ଵଷ𝐶஼௔஼ைଷ + (1 − 𝑓஼௔஼ைଷ) ∙ 𝛿ଵଷ𝐶௡௢௡ି஼௔஼ைଷ) − 𝑓஼ைଶି௟௢௦௦ ∙559 

𝛿ଵଷ𝐶஼ை    (Equation 11) 560 

and the isotopic composition of the non-carbonate mineral DIC can then be estimated from: 561 

𝐹ଵସ𝐶௡௢௡ି஼௔஼ைଷ =
ிభర஼ೝ೔ೡ೐ೝ

(ଵି௙಴ೌ಴ೀయ)
  (Equation 12) 562 

𝛿ଵଷ𝐶௡௢௡ି஼௔஼ை = ቀ
ఋభయ஼ೝ೔ೡ೐ೝା௙಴ೀమష೗೚ೞೞ∙ఋభయ஼಴ೀమ

ଵା௙಴ೀమష೗೚ೞೞ
− 𝑓஼௔஼ை ∙ 𝛿ଵଷ𝐶஼௔ ቁ ∙

ଵ

(ଵି௙಴ೌ಴ೀ )
   563 

(Equation 13) 564 

Our measurements have constrained plausible values and ranges for δ13Criver, F14Criver, fCO2-565 

loss, δ13CCO3, and δ13CCaCO3 (Table S6). The key remaining variable is thus fCaCO3, the fraction of 566 

carbonate mineral-derived DIC.  567 

To assess fCaCO3, we use the dissolved ion load to assess silicate mineral and 568 

carbonate mineral weathering sources. Established forward model methods were preferred 569 
1,40 over inversion of all dissolved ions 38 due to the primary focus here being on the potential 570 

carbonate mineral-derived DIC inputs. First, rain inputs of a dissolved ions ([X]rain, µmol L-1) to 571 

the river load were corrected using the measured composition of precipitation sampled during 572 

the study, with ratios normalised to Cl- and the Cl- input assumed to be dominated by 573 

precipitation inputs 40, with minimal evaporate inputs in the study area39 where: 574 

[𝑋]∗ = [𝑋]௥௜௩௘௥ − ቀ
[௑]

஼௟షቁ
௥௔௜௡

∙ 𝐶𝑙௥௜௩௘௥
ି   (Equation 14) 575 
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The precipitation contribution to the major weathering-derived ions Na+ and Ca2+ 576 

concentrations was 5% and 7% on average, respectively. The precipitation contribution to 577 

SO4
2- was 13% on average in the main Andean-fed sites, but was much larger in the Rio Los 578 

Amigos (92%) where the concentrations of SO4
2- were very low (<1 µmol L-1). It was assumed 579 

that anthropogenic inputs to major cation loads was minimal based on previous work39,66,83 580 

that Na* and K* were derived from silicate mineral weathering, while the contribution of Ca* 581 

and Mg* from silicate minerals, Casil and Mgsil was then estimated using: 582 

𝐶𝑎௦௜௟ = 𝑁𝑎∗ ∙ ቀ
஼௔

ே௔
ቁ

௦௜௟
    (Equation 15) 583 

𝑀𝑔௦௜௟ = 𝐶𝑎௦௜௟ ∙ ቀ
ெ௚

஼௔
ቁ

௦௜௟
    (Equation 16) 584 

where the ratios characterise the composition of silicate minerals undergoing dissolution in 585 

the catchments38. The carbonate mineral contributions of Ca and Mg, were then: 586 

𝐶𝑎௖௔௥௕ = 𝐶𝑎∗ − 𝐶𝑎௦௜௟    (Equation 17) 587 

𝑀𝑔௖௔௥௕ = 𝑀𝑔∗ − 𝑀𝑔௦௜௟   (Equation 18) 588 

 The DIC contributions from silicate weathering, carbonate weathering and the CaCO3 589 

mineral specifically were then determined as: 590 

𝐷𝐼𝐶௦௜௟ = 2 ∙ 𝐶𝑎௦௜௟ + 2 ∙ 𝑀𝑔௦௜௟ + 𝑁𝑎∗ + 𝐾∗   (Equation 19) 591 

𝐷𝐼𝐶௖௔௥௕ = 2 ∙ 𝐶𝑎௖௔௥௕ + 2 ∙ 𝑀𝑔௖௔௥௕ − 𝑆𝑂ସି௣௬௥௜௧௘     (Equation 20) 592 

𝐷𝐼𝐶஼௔஼ைଷ = 0.5 ∙ 𝐷𝐼𝐶௖௔௥௕     (Equation 21) 593 

Where SO4-pyrite is a term which corrects for potential DIC loss associated with sulfide mineral 594 

oxidation and degassing to CO2 and release at the reaction site 84. As such: 595 

𝑓஼௔஼ைଷ =
஽ூ஼಴ೌ಴ೀయ

(஽ூ஼ೞ೔೗ା஽ூ஼೎ೌೝ್)∙(ଵା௙಴ೀమష೗೚ೞೞ)
     (Equation 22) 596 

The Equations 12 and 13 were then used to estimate F14Cnon-CaCO3 and δ13Cnon-CaCO3 from 597 

measured constraints on the variables (Table S6). A range of values were used for each term, 598 

and a Monte Carlo approach used to return the 50th percentile and 5% to 95% percentile range 599 

of 100,000 simulated values (Table S4). In all catchments except for the Kosnipata River, the 600 

model outcomes predicted positive fCaCO3 values, showing the measured and estimated 601 

values chosen for variables (Table S6) can describe the data well. In the Kosnipata, 18% of 602 

the outputs were negative values and not considered further in the analysis. 603 
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Figures 832 

 833 

Figure 1: River DIC and CO2 release from the Andes to Amazon floodplain in the Madre 834 

de Dios Basin. A) Satellite image of the study area (Sentinel-2 2019/04/01 mosaic) and major 835 

subbasins (white outline). Main sampling locations are shown as filled symbols, where stars 836 

indicate all measurements were made (dissolved ions, water discharge, dissolved fluxes, CO2 837 

release, dissolved CO2 concentrations, CO2 and DIC radiocarbon and stable isotopes) and 838 

circles are locations where water discharge measurements were not made. Open circles are 839 

sites where CO2 release and concentration were determined and open stars where water 840 

discharge and dissolved ions were measured. B) Downstream instantaneous flux change 841 

measured in the wet (blue) and dry (yellow) seasons considering the difference between the 842 

lowland Madre de Dios site, and the sum of the upstream sites (Alto Madre de Dios, Manu, 843 

Chilibe and Colorado). Positive indicates an increase, and negative is a decrease in flux. 844 

Numbers provide the percentage loss or gain compared to the input fluxes.  845 
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 847 

Figure 2: Isotopic composition of DIC and CO2 in the Madre de Dios Basin. A) The 848 

radiocarbon activity (reported as Fraction Modern, F14C) of the dissolved CO2 and DIC 849 

measured in this study (filled symbols) alongside published data from the Rio Tambopata and 850 

small lowland streams 47 and from the wider Maderia Basin and neighbouring Rio Beni 9. The 851 

atmospheric CO2 value is shown by the black line 54. B) The F14C values normalised to the 852 

value of the atmosphere at time of sampling (F14Catm) for the river carbon pools against the 853 

stable isotope composition (δ13C, ‰). Filled symbols are samples from the Madre de Dios 854 

(Fig. 1) from this study, while open symbols are prior measurements of DIC, DOC and POC 855 
9and dissolved CO2 from close by sampling locations. Grey box indicates the range of 856 

compositions for atmospheric CO2 for reference.  857 
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 859 

Figure 3: Source and drivers of river CO2 release across this Andes to Amazon lowland 860 

transect. A. Modelled radiocarbon values (F14C) of the non-calcium carbonate mineral derived 861 

DIC in the river load (Methods). Dashed lines show the medium and inter-quartile range of 862 

simulated values, with the distribution shown as a violin plot. The blue dashed line is the F14C 863 

value of the atmosphere at the time of sampling. Values below this line reflect inputs from aged 864 

carbon sources (likely soil or rock organic carbon respiration), while values above this line are 865 

from decadal-aged organic matter sources as discussed in the main text. B. Delivery and 866 

transport of POC, DOC and DIC in this system. Inset shows how cation exchange onto mineral 867 

or organic matter surfaces (brown edge) could drive CO2 release in the wet season transect 868 

and act to reduce the DIC export.  869 
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