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Abstract  8 

Mountain building results in high erosion rates and the interaction of rocks with the 9 

atmosphere, water and life. Carbon transfers that result from increased erosion could control 10 

the evolution of Earth’s long-term climate. For decades, attention has focused on the 11 

hypothesised role of mountain building in drawing down atmospheric carbon dioxide (CO2) 12 

via silicate weathering. However, it is now recognized that mountain building and erosion 13 

affect the carbon cycle in other important ways. For example, erosion mobilises organic 14 

carbon (OC) from terrestrial vegetation, transferring it to rivers and sediments and thereby 15 

acting to draw down atmospheric CO2 in tandem with silicate weathering. Meanwhile, 16 

exhumation of sedimentary rocks can release CO2 through the oxidation of rock OC and 17 

sulfide minerals. In this Review we examine the mechanisms of carbon exchange between 18 

rocks and the atmosphere and discuss the balance of CO2 sources and sinks. Our Review 19 

demonstrates that OC burial and oxidative weathering, not widely considered in most models, 20 

control the net CO2 budget associated with erosion. Therefore, lithology strongly influences 21 

the impact of mountain building on the global carbon cycle, with an orogeny dominated by 22 

sedimentary rocks, and thus abundant rock OC and sulfides, tending towards being a CO2 23 

source.  24 

1.  Introduction 25 

Mountain building and the production of topography, owing to the upward migration 26 

of rock following plate convergence or dynamic uplift, is accompanied by increases in 27 

physical erosion rates1, rock exhumation2-5, and sediment transfer by rivers to the oceans6,7. 28 

In 1899, Chamberlin hypothesised that heightened erosion associated with mountain building 29 
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would increase the draw down of carbon dioxide (CO2) from the atmosphere by facilitating 30 

chemical weathering of silicate minerals8. Ninety years later Chamberlin’s idea blossomed, 31 

reinvigorated by records of changes in ocean chemistry9 that linked uplift of the Himalaya 32 

and Tibet10 with global cooling over the Cenozoic11,12,13
. A vigorous debate regarding the role 33 

of Himalayan uplift in driving weathering and CO2 drawdown ensued14-17, stimulating 34 

research that sought to better constrain the controls on silicate weathering rates in the 35 

field18,19 and laboratory20.  36 

The premise of a coupling between erosion, weathering, and the carbon (C) cycle is 37 

based on the reaction of silicate minerals with carbonic acid (Box 1, Eq. 1). Chemical 38 

weathering of silicate minerals has long been considered to be a key mechanism for removing 39 

atmospheric CO2, counterbalancing the release of carbon from volcanism and, therefore, 40 

maintaining a habitable planet21-24 (Fig. 1A). Nevertheless, despite work extending back to 41 

the 19th Century, quantitative understanding of how chemical weathering responds to uplift 42 

and erosion, and the associated consequences for the global C cycle, remained limited even in 43 

the 1990s. 44 

Over the past three decades, several advances have enabled an improved 45 

understanding of the effect of erosion on silicate weathering. For example, geomorphological 46 

frameworks describe the erosional and physical weathering processes that expose fresh 47 

mineral surface area25. In addition, geochemical kinetics26 and reactive transport 48 

modelling27,28, informed by intensive field data collected from critical zone observatories29-31, 49 

quantify how rates of weathering reactions vary in response to mineral surface exposure as 50 

well as to hydrological controls20. As a result, the global effect of uplift and erosion in 51 

enhancing interaction between minerals and the atmosphere and hydrosphere can now be 52 

quantified32-34.  53 

Over the same time period, it has become clear that understanding the net effect of 54 

erosion on the C cycle requires looking beyond silicate weathering35 (Fig. 1B). In this 55 

emerging view, erosion both drives the transport and burial of organic carbon (OC) in ocean 56 

sediments (an additional CO2 sink)36-39 and exposes rock-derived OC and minerals that can 57 

be oxidised during weathering (CO2 source; Box 1). Specifically, both oxidation of rock-58 

derived, or “petrogenic,” OC (OCpetro)40,41 and oxidation of sulfide minerals to produce 59 

sulfuric acid, which can, in turn, react with carbonate minerals42,43, act as CO2 sources (Box 60 

1, Fig. 1B). To fully understand the role of erosion in the C cycle, all of the mechanisms that 61 
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transfer C between rocks and the atmosphere must be considered, including both CO2 sinks 62 

(silicate weathering and OC burial) and CO2 sources (OCpetro and sulfide oxidation).  63 

In this Review, we examine the various processes that lead to transfer of C between 64 

rocks and the atmosphere, focusing on how these relate to erosion. We examine the 65 

functional relationships between erosion rate and carbon fluxes, focusing on river catchment-66 

scale measurements from the modern day. Our Review considers components of the C cycle 67 

which have remained poorly constrained until recently and, using a holistic approach that 68 

considers the inorganic and organic carbon cycles, we provide a new framework to identify 69 

whether mountains are a net source or sink of CO2. 70 

2. The geological carbon cycle  71 

Solid Earth CO2 degassing, associated with volcanic arcs, intraplate volcanoes and 72 

mid-ocean ridges, contributes ~70-100 megatonnes C per year (MtC yr-1) to the Earth’s 73 

atmosphere44. Additional CO2 contributions from diffuse continental rifts45 and 74 

metamorphism46,47 are poorly constrained, but could be similar in magnitude.  75 

The pre-industrial C content48,49 in Earth’s surface reservoirs (atmosphere, oceans and 76 

biosphere) was 43,542 ± 550 x 103 MtC. Although the annual degassing flux may seem small 77 

compared to this mass, it would take <500,000 years for degassing (at ~100 MtC yr-1) to 78 

replace the entire inventory of C in the surface reservoirs — a relatively short time in the 79 

geological context. On timescales from years to thousands of years, the evolution of 80 

atmospheric CO2 is governed by the substantially larger, and closely balanced, C fluxes 81 

associated with photosynthesis and respiration, and ocean-atmosphere gas exchange (Fig. 2). 82 

As a result, without counteracting geological sinks, CO2 released from solid Earth degassing 83 

would accumulate over million-year timespans to levels that are unrealistically high17. In the 84 

“textbook” view of the C cycle, the draw down of CO2 by silicate weathering acts as the 85 

counteracting sink, and the response of weathering to erosion provides a mechanism for 86 

driving changes in atmospheric CO2. 87 

2.1 The textbook view of the C cycle  88 

Chemical weathering of silicate minerals has long been recognized as a key process 89 

causing the long-term draw down of atmospheric CO2 (ref. 21,50; Box 1). Modern-day CO2 90 

drawdown by silicate weathering is ~90-140 MtC yr-1, similar in magnitude to the flux of 91 
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CO2 released from solid Earth degassing (Fig. 1A)18,51, with the balance between these fluxes 92 

controlling atmospheric CO2 and climate in textbook C cycle models. Climatic factors such 93 

as temperature, precipitation, and biological productivity (which produces high 94 

concentrations of CO2 in soils and organic acids that drive weathering), influence the flux of 95 

CO2 drawdown from silicate weathering (Box 1). The climate-dependency of weathering 96 

produces a negative feedback between atmospheric CO2 and global climate23,24 such that 97 

imbalances in atmospheric CO2, for example, driven by changes in solid Earth CO2 98 

degassing, are balanced by changes in weathering over millions of years17.  99 

Within this textbook framework, changes in the reactivity of silicate minerals, for 100 

example, caused by mountain uplift and erosion, can drive global cooling by lowering 101 

atmospheric CO2 concentrations. Changes in the atmospheric CO2 concentrations might, 102 

subsequently, alter the weathering flux, maintaining the overall balance of the carbon cycle 103 

and establishing a new steady-state climate regime52,53. Such effects are known as the 104 

“weathering thermostat” and are regularly included in canonical carbon cycle models such as 105 

GEOCARB54 and COPSE55.  106 

Critical to the weathering thermostat paradigm is the response of weathering fluxes to 107 

changes in CO2 concentrations in the atmosphere. Low-lying continental terrains, however, 108 

might not be able to provide a sufficient chemical weathering flux to sustain a feedback 109 

response32,56, leading to non-steady-state behaviour in the C cycle. Such limits to the climate 110 

stabilization were rarely, if ever, exceeded in the Phanerozoic57 or even earlier in Earth’s 111 

history. Although the mechanism by which erosion might drive climate remains debated – 112 

and will be our focus throughout this Review – canonical C cycle frameworks inherently 113 

require mountain building and erosion to have played a key role by sustaining the global 114 

silicate weathering feedback.  115 

2.2 An emerging view of the C cycle 116 

The textbook juxtaposition of C sources from solid Earth degassing versus C sinks 117 

from silicate weathering has prevailed for decades17,24 and persists today53,58 (Fig. 1A). Yet, 118 

other C fluxes are clearly important to the geological C cycle36,39,41. In this Review, we 119 

advocate for a more holistic view of the geological C cycle that considers CO2 drawdown via 120 

organic carbon burial37,39,59, as well as CO2 sources from OCpetro oxidation40,41 and sulfide 121 

oxidation coupled to carbonate weathering42,43. The global fluxes associated with these 122 
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processes (Fig. 1B) are similar in magnitude to those from volcanism and silicate weathering 123 

and, critically, have strong links to erosion. Therefore, we argue that the role of mountain 124 

building in the C cycle cannot be understood by considering silicate weathering in isolation. 125 

Instead, we must address how uplift and erosion affect each of the key transfers of C between 126 

rocks and the atmosphere.   127 

In the following section, we assess each process of C transfer between rocks and the 128 

atmosphere, including their relative fluxes and how they are linked to erosion and mountain 129 

building. We then evaluate the net “rock-atmosphere” budget for multiple locations, which 130 

allows us to understand the cumulative effect of erosion and mountain building on the carbon 131 

cycle. If the net rock-atmosphere transfer increases in response to erosion (for example, if 132 

erosion increases the relative importance of weathering-related sources of CO2 over the CO2 133 

sinks), there should be a transient surplus of CO2 associated with mountain building, 134 

warming the planet and restoring C cycle equilibrium via negative feedbacks. If the net rock-135 

atmosphere transfer decreases in response to erosion, the overall effect of mountain building 136 

could be removal of CO2 from the atmosphere and global cooling8,12. 137 

The wider perspective we propose is also relevant to the cycle of dioxygen (O2). 138 

While not the focus of this Review, the OC cycle and oxidative weathering of sulfides also 139 

affect the budget of atmospheric O2 (refs.60,61). Atmospheric O2 concentrations have been 140 

relatively high throughout the Phanerozoic, so perturbations to OC and sulfur cycles, which 141 

could impact atmospheric CO2, are unlikely to have had a substantial impact on atmospheric 142 

O2 concentrations (refs.55, 60, 62). That said, some perturbations to atmospheric O2 might be 143 

detectable in Pleistocene ice cores63. Earlier in Earth’s history, links between atmospheric 144 

CO2, O2 and climate are intriguing61,64 and the role of erosion and weathering is worthy of 145 

further attention.  146 

3. Mountains, erosion and carbon transfer 147 

As mountain building takes place over millions of years, and erosion rates respond 148 

over timescales of thousands of years or more, it is not possible to observe their effects on C 149 

cycling directly. Instead, we can estimate CO2 sources and sinks in modern environments 150 

and, thus, examine how the CO2 flux associated with each C transfer mechanism varies 151 

across a range of erosion rates. Specifically, the chemistry of soils and rivers can be used to 152 
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examine how spatial differences in erosion rate, climate (temperature and precipitation) and 153 

lithology link to C transfers and fluxes in different regions.  154 

The amount and composition of material transported in rivers provides important 155 

information about the fluxes of carbon delivered to the oceans, where most long-term C 156 

burial in carbonate and organic matter occurs. Although river fluxes are a remarkable 157 

resource for quantifying C fluxes, they are biogeochemically active and thus more than 158 

simple conduits for C. For example, substantial amounts of C younger than a few decades old 159 

are lost as CO2 by active degassing from rivers65,66. The degassing fluxes associated with 160 

biogeochemical activity in rivers, while not the focus of this Review and generally not 161 

important for assessing long-term C sources and sinks, are relevant for the short-term C cycle 162 

(Fig. 2).  163 

3.1 Erosion and carbon sinks 164 

In this subsection, we discuss the various processes by which erosion might act to draw down 165 

CO2 from the atmosphere, and how the fluxes associated with these processes vary as a 166 

function of erosion rate in modern environments. 167 

3.1.1 Erosion and silicate weathering. 168 

Silicate weathering can be tracked by measuring the flux of the dissolved cations 169 

(such as Ca2+, Mg2+, Na+, K+) transported as solutes in rivers, and accounting for cation 170 

sources other than silicate minerals (such as carbonate and evaporite minerals, atmospheric 171 

deposition, and anthropogenic inputs)18,19,67. Data from modern rivers suggest that ~40% of 172 

global chemical denudation occurs on the steepest 10% of the Earth’s surface68. As a result, 173 

mountainous regions appear to have a large influence on the total fluxes from chemical 174 

weathering. However, understanding the effects of weathering on the C cycle depends on 175 

distinguishing silicate weathering (which drives CO2 drawdown) from carbonate weathering 176 

(which does not). The proportion of solutes derived from carbonate versus silicate weathering 177 

generally increases with erosion rate69. Therefore, though there is an apparent linear 178 

relationship between erosion rate and total weathering fluxes68, this relationship might not 179 

reflect an erosional control on long-term CO2 drawdown. Geochemical mixing models can be 180 

used to correct for carbonate sources18,32,69 and evaluate the true relationship between silicate 181 

weathering and erosion. Once focusing solely on silicate weathering, substantial scatter 182 

emerges in the relationship with denudation rate (Fig. 3a).  183 
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The scatter between physical denudation rates and silicate weathering flux can be 184 

understood by considering how weathering fluxes depend on the interplay between the supply 185 

of material by erosion and the speed of chemical reactions. At low erosion rates, weathering 186 

products accumulate in soils and shield underlying rocks from interactions with surficial 187 

fluids, leading to “supply limited” weathering 18,32,33,70-72 (the term “transport limited” has 188 

also been used to describe this phenomenon; Fig. 3a). Under supply limited conditions, 189 

weathering and erosion scale linearly (Fig. 3a), as increased erosion rates expose more 190 

material for reaction32,33,73. In contrast, at higher erosion rates (Fig. 3a), minerals are supplied 191 

in excess of the rate at which they react. Fluxes are then “weathering limited” (also referred 192 

to as “kinetically limited”) and are controlled by other factors, such as CO2 concentration, 193 

fluid flow rates, and temperature, so that they depend only weakly (if at all) on erosion rate32-194 

34,73,74. 195 

 In supply limited weathering, silicate weathering fluxes are less sensitive to climate 196 

compared to weathering limited regions and provide a weak (or potentially inactive) feedback 197 

to temperature and hydrological change. By contrast, the climate-silicate weathering feedback 198 

is strongest in areas that are characterised by high erosion rates32,34,74. Therefore, mountain 199 

building and erosion play key roles in the evolution of atmospheric CO2 by modulating CO2 200 

drawdown as well as the sensitivity of CO2 removal fluxes to climatic changes (ref.75).  201 

3.1.2. Erosion and burial of organic carbon.  202 

Geomorphic processes such as landslides and overland flows erode terrestrial organic 203 

matter from plants and soils. The terrestrial organic matter (commonly referred to as 204 

biospheric OC; OCbiosphere) is then exported as part of the solid load of rivers76,77. If the 205 

OCbiosphere is buried in sediments and escapes subsequent degradation, and new plant growth 206 

replaces the organic matter at the site of erosion, the overall effect is to draw down 207 

atmospheric CO2 (refs.78, 79). Globally, erosion of particulate OCbiosphere represents a sizable 208 

and dynamic geological CO2 sink (Fig. 1B, Box 1, Eq. 5)36,50,80,81. The total OC burial flux in 209 

modern ocean sediments82,83 is ~170 MtC yr-1, of which ~40-80 MtC yr-1 is estimated to be 210 

derived from OC eroded from land39,84, facilitated by higher preservation efficiency (10-30%) 211 

compared to marine organic matter (<1.3%)38,85.  212 

 We can explore the empirical relationship between erosion rate and OCbiosphere fluxes 213 

by measuring the flux of C carried by rivers. However, first we need to isolate the relative 214 
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contribution of OCbiosphere and OCpetro to the measured C flux in the river solid load, which is 215 

typically achieved using analysis of radiocarbon (14C)86,87. Radiocarbon can distinguish 216 

sources of OC in river sediments as OCpetro is radiocarbon-dead (low 14C activity), while 217 

OCbiosphere is not (high 14C activity)88,89. Therefore, using this approach, the global flux of 218 

OCbiosphere carried by rivers to the oceans can be calculated, yielding a value of 157 +74/-50 219 

MtC yr-1 (ref.90). Steep topography (> 10o slope angles) is important in driving this flux59,91, 220 

contributing ~20-40% to the global total92. In addition, considering C fluxes across 221 

catchments that display a range in erosion rates reveals a broad positive relationship between 222 

OCbiosphere export and suspended sediment yield (Fig. 3b)90,93. 223 

The observed sub-linear scaling between the suspended sediment yield and OCbiosphere 224 

export indicates that there is a lower fractional contribution of OCbiosphere to river sediments in 225 

areas with higher erosion rates, can be explained by a shift from shallow erosion (mobilizing 226 

OC-rich material in soils) to deeper erosion characterized by landslide activity94,95 (Fig. 3b). 227 

As a result, OCbiosphere export is less efficient with increasing erosion90 — potentially putting 228 

a limit on erosional forcing of this carbon sink. However, higher erosion rates might increase 229 

the likelihood that terrestrial OCbiosphere is buried and preserved in sediments39,59. Associations 230 

between OCbiosphere and mineral surfaces can protect organic compounds from degradation82,96 231 

regardless of their inherent reactivity97. In addition, high sedimentation rates can bury organic 232 

matter more rapidly, thereby decreasing contact with oxygenated seawater and increasing 233 

burial efficiency of OCbiosphere (ref.98). Preservation of OCbiosphere associated with increased 234 

burial and/or associations with mineral surfaces enhance the links between erosion and draw 235 

down of CO2 by OCbiosphere burial. 236 

Climate can moderate the flux of OCbiosphere that results from increased erosion. For 237 

example, large storms can trigger landslides and drive river sediment transport. As such, 238 

OCbiosphere transfer during intense rainfall events is a common feature of mountain rivers in 239 

Taiwan86,93,99, the Andes87,100, North America101,102, the Longmen Shan of eastern Tibet103, 240 

and the European Alps104. Storms can also mobilise OC in the form of coarse woody 241 

debris105,106, and temporal correspondence of high sediment and OCbiosphere fluxes during 242 

floods86 could increase the chance of long-term burial59. As a result, a warm and wet climate 243 

can enhance OCbiosphere export and burial. By doing so, erosion of OCbiosphere could act as a 244 

negative feedback on geological CO2 emissions, working in tandem with silicate 245 

weathering92. 246 
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3.1.3. Erosion and supply of rock-borne nutrients 247 

Erosion and weathering can control the supply of critical rock-derived nutrients to both the 248 

terrestrial and marine biosphere. On one hand, in terrestrial ecosystems, erosion and 249 

weathering can influence the C stocks of forests by modulating the supply of phosphorus (P), 250 

calcium (Ca) and potentially nitrogen107-109. On the other hand, erosion can also facilitate 251 

nutrient loss110,111, and steep slopes can reduce soil thickness and impact water availability, 252 

limiting productivity112. As a result, the direct impact of erosion on forest carbon stocks is 253 

complex. We do know, however, that erosional export of OCbiosphere is not limited by net 254 

primary productivity90,93 — so while erosion-enhanced terrestrial productivity might affect 255 

forest carbon stocks on land, it is not expected to influence long-term transfer of C into the 256 

rock reservoir (Fig. 2). Meanwhile, weathering also influences the supply of limiting 257 

nutrients to the oceans. For example, delivery of P can drive marine productivity and OC 258 

delivery to marine sediments38,82. Some biogeochemical models incorporate weathering-259 

dependent delivery of P to the oceans64,113, but little is known about the ways in which 260 

erosion controls this flux — reflecting a key knowledge gap and an opportunity for further 261 

work. 262 

3.2 Erosion and carbon sources 263 

In this subsection, we discuss how, in addition to the CO2 sinks described above, erosion can 264 

lead to C release from rocks to the atmosphere (as CO2) and consider how the resulting fluxes 265 

are linked, in important ways, to erosion rates.  266 

3.2.1 Rock organic carbon oxidation. 267 

The upper 1 m of Earth’s surface contains an estimated ~106 MtC of OCpetro, which is 268 

often millions of years old114,115. When this OCpetro is brought towards the surface during 269 

exhumation of the bedrock, some of it is oxidised, releasing CO2 to the atmosphere. 270 

Oxidation can occur in the upper centimetres to meters of the Earth’s surface, where active 271 

weathering takes place via interaction with air and O2-bearing water116-118, or in sediments 272 

transiting large river floodplains119,120. Altogether, a global “geo-respiration” flux of ~40-100 273 

MtC yr-1 occurs through OCpetro oxidation40 (Box 1, Eq. 6).  274 

The flux of oxidised OCpetro might be closely linked to erosion41. In the presence of 275 

O2-rich atmosphere and surface waters, OCpetro oxidation occurs at a faster rate than chemical 276 
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weathering of silicate minerals121,122, in principle allowing oxidative weathering to keep pace 277 

with increased supply of material by erosion123. However, quantifying the rate of OCpetro 278 

oxidation across different landscapes is challenging, so historically it has been difficult to test 279 

this prediction. Recently, riverine dissolved fluxes of rhenium, an element that is associated 280 

with OCpetro in rocks, have been used as a proxy to measure the weathering (and presumably 281 

subsequent oxidation) of OCpetro
41,124. Resulting data from sedimentary lithologies, which 282 

contain OCpetro, confirm that erosion rate exerts a first order control on OCpetro oxidation (Fig. 283 

3c).  284 

The observed scatter between OCpetro oxidation rate and suspended sediment yield 285 

could relate, in part, to the variable OCpetro content of rocks undergoing weathering (Fig. 3c). 286 

However, not all exhumed OCpetro is weathered89,125,126, and the proportion that is lost by 287 

oxidation ranges from ~10%-40% across mountain catchments41,127 up to ~70% in mountain 288 

soils128 and >90% in large tropical rivers120. Some of the unoxidised OCpetro observed in 289 

many river sediments could reflect a chemically and physically resilient component119 that 290 

formed through interactions between organic matter and minerals96,97 and/or during high 291 

temperature metamorphism129. For instance, graphitic OCpetro can persist through large 292 

tropical floodplains119,120, and over several cycles of mountain building, erosion, deposition 293 

and exhumation130. Alternatively, the presence of un-weathered OCpetro in river sediments 294 

might indicate that OCpetro oxidation is locally limited by temperature, O2 supply, and/or 295 

microbial activity121,123,128,131, especially at high erosion rates. Therefore, climatic factors 296 

might be linked to the rate of CO2 emission via oxidation of OCpetro (Fig. 1B), a hypothesis 297 

that could be tested using direct measurements of CO2 release during oxidative weathering118. 298 

Direct measurements also have the advantage of measuring CO2 flux itself, rather than 299 

tracking the loss of OCpetro and assuming that all of the lost carbon is eventually respired41.  300 

3.2.2. Sulfide oxidation.  301 

In addition to OCpetro oxidation, sulfide oxidation provides a potential CO2 source. 302 

When sulfide minerals such as pyrite are exhumed, they are oxidized and produce sulfuric 303 

acid (H2SO4). If this acid reacts with carbonate minerals or alters the carbonic acid 304 

equilibrium in water, the net effect can be CO2 release to the atmosphere19,42,43,118,132 (Box 1, 305 

Eq. 3&4). The amount of sulfide weathering can be calculated from riverine sulfate (SO4
2-) 306 

concentrations and fluxes. The effect of sulfide weathering on CO2 fluxes can then be 307 

inferred in the context of other weathering reactions determined by dissolved ion 308 
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chemistry132. However, in addition to being the product of sulfide oxidation, dissolved 309 

riverine sulfate can also originate from anthropogenic and/or evaporite mineral sources18. The 310 

stable isotope composition of S and O in dissolved sulfate can distinguish the relative 311 

contribution of each sulfate source42,132-135(Fig. 3d).  312 

Measurement of sulfide fluxes and S and O isotope analyses suggest substantial 313 

global CO2 release associated with sulphide oxidation (~40 MtC yr-1), although this estimate 314 

remains poorly constrained132,133. Data from river catchments show a broad positive 315 

correlation between pyrite oxidation and erosion rate42, confirming that erosion has a first 316 

order control on the sulfide-related flux of CO2 (Fig. 3d) and suggesting that pyrite oxidation 317 

is generally a supply-limited process. The relationship between pyrite oxidation and erosion 318 

rate is not surprising since, similar to OCpetro, pyrite oxidation occurs rapidly122,136 and so is 319 

expected to increase with erosional supply. As a consequence, mountain building could 320 

enhance the release of CO2 by this mechanism.  321 

The effects of sulfide oxidation are reversed when SO4
2- is removed from seawater, 322 

typically by reduction and formation of sulfide minerals in marine sediments137. However, 323 

SO4
2- has a long residence time in the oceans (~10 Myrs), so increases in global fluxes from 324 

sulfide oxidation can sustain elevated atmospheric CO2 concentrations over million-year 325 

timescales before the SO4
2- is removed43. Thus, changes in C fluxes associated with sulfide 326 

oxidation, for example driven by erosion, can be important for the long-term C cycle. 327 

Additional processes in river systems and marine sediments, including coupling of sulfide 328 

oxidation with carbonate vs. silicate mineral weathering138, as well as the effect of Fe-S redox 329 

cycling on sulfur budgets137, might play important roles in modulating the net effect of 330 

sulfide oxidation on C transfer fluxes and thus deserve more attention in future work.  331 

 3.3 Net ‘rock-atmosphere’ carbon transfers 332 

We have reviewed emerging datasets that reveal an erosional control not just on 333 

silicate weathering, but also on other fluxes in the geologic C cycle such as sulfide and 334 

OCpetro oxidation (Fig. 3). Considered together, present day estimates of the fluxes associated 335 

with each “rock-atmosphere” C transfer mechanism indicate that the global sink of 336 

atmospheric CO2, via silicate weathering and OC burial, is ~175-240 MtC yr-1 (Fig. 1B). 337 

Conversely, the release of CO2 from sedimentary rock weathering and volcanic degassing is 338 

40-140 MtC yr-1
 and 70-100 MtC yr-1, respectively. Combined, these CO2 sources total 110-339 



For Durham Research Online ‐ Accepted final text of: Hilton & West, for Nature Reviews Earth & 
Environment, 20th April 2020, https://doi.org/10.1038/s43017‐020‐0058‐6 

For the final corrected version of the manuscript, please see the journal link, or contact the authors. 
 

240 MtC yr-1, similar in magnitude to the CO2 sink from silicate weathering and OC burial. 340 

This CO2 budget, however, does not account for poorly constrained fluxes from CO2 341 

outgassing in continental rifts45 or metamorphic processes46,47.  342 

The large uncertainties surrounding the CO2 source and sink fluxes indicate that 343 

further work is required to define these values more precisely. Nevertheless, the similar 344 

magnitude of the geological sources and sinks could keep the C cycle in an approximate 345 

steady-state balance over million-year timescales (Fig. 2). Within this overall budget there is 346 

scope for small, transient imbalances that could drive shifts in global climate. The 347 

geochemical thermostat (increasing CO2 drawdown and C burial in response to rising 348 

atmospheric CO2, or vice versa) associated with silicate weathering and/or OCbiosphere burial, 349 

would then act to return C fluxes to a new steady state (and corresponding changes in global 350 

climate). Mountain building could potentially drive such transient C cycle perturbations and 351 

associated climatic change.  352 

Insights into how C cycle imbalances can arise comes from river catchments where 353 

enough data have been collected to quantify each rock-atmosphere C transfer term (Fig. 1B, 354 

and Supplementary Information): four catchments in the western Southern Alps of New 355 

Zealand69,127,139 (the Haast, Hokitika, Waiho and Whataroa Rivers); three draining the 356 

Mackenzie Basin in Canada42,43,140-142 (the Peel, Arctic Red and Mackenzie Rivers); a 357 

Taiwanese catchment41,43,59,86,93,143 (the Liwu River); and mountain catchments in 358 

Guadeloupe144,145. We can calculate the net rock-atmosphere CO2 flux (Jnet, tC km-2 yr-1) in 359 

such regions142, with negative values representing a net atmospheric CO2 sink, and positive 360 

values a net CO2 source: 361 

𝐽௡௘௧ ൌ ൫െ𝐽ை஼௕௜௢ି௕௨௥௜௔௟ ൅ 𝐽ை஼௣௘௧௥௢ି௢௫൯ ൅ ൫െ𝐽௦௜௟ି஼ைଶ ൅ 𝐽௖௔௥௕ି௦௨௟௙൯   (Eq. 1).  362 

The first term represents the OC balance (OCbiosphere burial, JOCbio-burial; and OCpetro oxidation, 363 

JOCpetro-ox), while the second term represents the inorganic components (silicate weathering 364 

fluxes, Jsil-CO2; and CO2 emissions from sulfide oxidation, Jcarb-sulf). The assessments here are 365 

presented with the caveat that modern-day fluxes determined from solutes (Jsil-CO2, Jcarb-sulf, 366 

JOCpetro-ox) are directly compared to particulates (JOCbio-burial), which have distinct sources of 367 

uncertainty146 and are potentially integrated over different time and spatial-scales28,147.  368 

Although most C cycle models have focused on parameterizing the rate of silicate 369 

weathering24,75,148, catchment-scale budgets highlight the importance of erosion-driven 370 
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OCbiosphere fluxes as a CO2 sink and erosion-driven sulfide weathering as a CO2 source (Fig. 371 

4). Notably, in the mountain catchments that are the most potent CO2 sinks (the most 372 

negative Jnet values, such as for Whataroa), CO2 draw down by erosion and burial of 373 

OCbiosphere is larger than that from by silicate weathering (Fig. 4a). The negative Jnet values in 374 

locations with large JOCbio-burial terms emphasize that erosion can stimulate the organic 375 

pathway of CO2 drawdown and echo decades old interpretations from the Bengal Fan37.  376 

For catchments that are net sources of CO2 during weathering and erosion (such as the 377 

Liwu River), or within uncertainty of CO2 neutral (such as the Arctic Red), Jcarb-sulf and 378 

JOCpetro-ox are both important source terms (Fig. 4a). Consequently, exhumation and oxidation 379 

of sulfides and OCpetro might be able to tip the net rock-atmosphere CO2 balance of a 380 

catchment from a sink to a source.  381 

4. Insights into processes and mechanisms 382 

When considered holistically, modern-day C fluxes in river catchments provide 383 

critical information about how the geological C cycle operates (Fig. 3&4). However, C fluxes 384 

are calculated from measurements made over short time windows, typically years to decades, 385 

and can have large uncertainties (Fig. 4a). The C fluxes are also influenced by several factors 386 

that can confound comparisons across spatial gradients in erosion rate, such as co-varying 387 

changes in climate, lithology, and biology. Other observations and modelling efforts can 388 

provide complementary process-level information. In this section, we discuss such 389 

approaches, following them from studies of actively eroding hillslopes, across floodplains, 390 

and into sedimentary archives that record past changes in erosion, weathering, and OC 391 

transfers. 392 

4.1 A critical zone perspective  393 

Weathering profiles developed in rock and soil capture the sequence of chemical 394 

reactions and physical transformations that occur as uplifting rock interacts with fluids near 395 

the Earth’s surface149-151. Observations of the mineralogy, geochemistry, and physical 396 

microstructure of these profiles can reveal mechanisms that link weathering and erosion, such 397 

as porosity generation, mineral expansion, and micro-fracturing31,152-154. Key weathering 398 

processes, such as silicate mineral acid hydrolysis and sulfide oxidation, can extend to 399 

considerable depths (10s of m) below the soil zone in the weathered bedrock151,155. Fracturing 400 

can also play a central role in weathering by facilitating water-rock interaction and the 401 
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penetration of O2 and CO2 to similar depths30,156,157. The relationship between weathering and 402 

fracturing is not fully understood, but might be critical to developing a mechanistic 403 

understanding of how erosion drives weathering of silicates, sulfides, and OCpetro, and 404 

associated C fluxes (ref.123).  405 

Models of weathering front propagation complement observations from weathering 406 

profiles27,28,34,123,154,158. Front propagation models are typically based on reactive transport 407 

simulations of fluids percolating through the subsurface. Model results highlight how 408 

weathering depends on mineral reactivity as well as fluid flow rates, both of which might 409 

interact in important ways with erosional drivers34,158,159. However, applying such models to 410 

rapidly eroding terrains remains a challenge, owing to the incomplete understanding of fluid 411 

flow and solute generation at catchment scales159, as well as the geomorphic complexity of 412 

actively eroding landscapes, where erosion and weathering rarely progress through simple 413 

vertical profiles94,95,138. Instead, stochastic erosion processes such as mass wasting, followed 414 

by transport through sedimentary systems, might exert important but poorly understood 415 

controls on weathering in these rapidly eroding landscapes.  416 

4.2 Landslide erosion and C transfers  417 

Landslides are one of the main erosional agents in mountains94, and their role in the 418 

transfer of OCbiosphere has been well characterized100,105,161-162. In addition, landslide deposits 419 

might be important as weathering reactors (with lithology-dependent implications on the C 420 

cycle), owing to the chemical alteration of freshly mobilised rock in landslide sediment 421 

deposits or hillslope scars163-165. The residence time of landslide material in the landscape sets 422 

the timescale over which reactions take place163 and thus influences the relative C fluxes from 423 

phases which react quicker (sulfides, carbonates) and slower (OCpetro, silicate minerals)164. 424 

The residence time of landslide material is determined by the erosional processes that remove 425 

landslide debris, such as fluvial transport166 — suggesting that further study of landslide-426 

dominated settings could yield interesting process-level insights to complement critical zone 427 

investigations.  428 

One of the challenges in studying landslides is that they are stochastic and widely 429 

distributed. Large populations of landslides triggered during major earthquakes provide an 430 

opportunity to examine landslide C transfers, and the resulting erosional pulses could 431 

contribute a substantial component of the denudation flux in many settings167. Landslides 432 
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associated with the 2008 Mw 7.9 Wenchuan earthquake doubled the OCbiosphere supply to 433 

rivers in the two years that followed the earthquake168. In New Zealand lake records, ~40% of 434 

the OC deposited over the last millennia was associated with the aftermath of four large 435 

earthquakes169. Earthquakes can also perturb solute fluxes, by chemical weathering of 436 

landslide material or by changing subsurface hydrology170. Therefore, active mountain belts 437 

might influence C transfers via discrete, pulsed landslide erosion events, including those 438 

associated with large earthquakes. Linking event-scale measurements with the implications 439 

for the long-term C cycle remains an area for worthwhile study. 440 

4.3 The role of floodplains 441 

Some mountainous rivers, such as those draining high-standing islands and active 442 

margins, deliver material directly to the ocean, facilitating OCbiosphere burial and, in some 443 

cases, reburial of eroded OCpetro (refs.59,130,171,172). Other rivers feed large continental 444 

floodplains that can serve as biogeochemical reactors65,173. In such systems, OC biosphere can be 445 

stored over millennial timescales in floodplain, lake, and wetland sediments78,174, 175, 446 

facilitating the degradation of OCbiosphere. However, floodplains might also see the 447 

replacement of mountain-derived OC with lowland-derived OC, as revealed by biomarkers 448 

and their isotopes in the Amazon, Ganges and Congo systems176-179. OC replacement can 449 

maintain, or indeed increase, OCbiosphere transfer to marine depocentres39. Floodplain transit 450 

can also be important for OCpetro, by providing additional opportunities for otherwise un-451 

weathered components to be oxidised during their journey119,120,180. 452 

The role of floodplains as inorganic weathering reactors is also increasing well-453 

understood. Eroded sulfide minerals are almost always weathered away in modern systems as 454 

they are typically oxidized over transport lengths of only a few tens of km131,181. Since silicate 455 

minerals react more slowly, they are more likely to persist and be transported into and across 456 

floodplains – making these settings potentially important for further reaction19,182. The 457 

Ganges floodplain contributes an important part of the silicate-derived alkalinity flux 458 

delivered to the oceans by the Ganges River183,184, as does the Madeira River floodplain of 459 

the Amazon Basin132,185,186. Despite the recognition that floodplains have a vital role to play 460 

in geochemical carbon transfers, quantification of the associated net rock-atmosphere 461 

exchange remains out of reach. 462 

4.4 Records from geological archives 463 
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Sediments can preserve a direct record of the OC transferred to the rock reservoir, as 464 

well as the chemical signature of rock weathering (reflected in the mineralogy and elemental 465 

composition of the sediments), thus providing insights into key relationships in the erosion-C 466 

cycle system. However, it is often challenging to extract chemical signatures of weathering 467 

from sedimentary archives because imbalances in the C cycle of ~1-5% can have large effects 468 

over million-year timescales17, yet geological records may not record past changes with such 469 

fidelity. Nevertheless, detrital records from around the Asian margin have been interpreted to 470 

reflect the weathering response to the interaction of mountain uplift and climatic changes 471 

over timescales ranging from the Last Glacial Maximum187,188 to the millions of years 472 

associated with tectonic uplift and evolution of the Asian monsoon189,190. Elsewhere, detrital 473 

records191 have also been used to reconstruct changes in weathering intensity and, when 474 

paired with data on paleo-denudation rates, to infer the coupling between erosion and 475 

weathering over glacial-interglacial timescales192.  476 

Seawater chemistry records, including radiogenic strontium (Sr) and osmium (Os) 477 

isotopes,11,193 track changes in continental weathering intensity and/or fluxes194. Such isotopic 478 

records can shed light on how erosion might force the C cycle. For instance, over the past 50 479 

Ma, the combination of the Os and Sr isotopes reveal a shift in the balance of sulfide 480 

oxidation to silicate weathering, highlighting an increase in the net draw down of CO2 by 481 

mountain uplift between ~10-30 Ma (ref.43). Another example is recent work combining 482 

Neogene lithium isotope195 and beryllium isotope196 records, together with reconstructions of 483 

atmospheric CO2 concentations197, to suggest that a doubling of global erosion rates over the 484 

last 12 Ma changed the climate sensitivity to silicate weathering fluxes, thus moderating 485 

atmospheric CO2 (ref.75).  486 

The stable isotopes of carbon (δ13C), recorded both in marine carbonate minerals and 487 

OC from sedimentary rocks, have been used to quantify past fluxes of carbon at the Earth’s 488 

surface and between the major sedimentary reservoirs36,81,194,198,199. The δ13C of carbonate 489 

rocks and organic material encode relative changes in the total OC burial flux compared to 490 

the fluxes from weathering and carbonate burial (Fig. 1b). Isotope mass balance models 491 

based on δ13C variations over the last 60 million years suggest that OC burial consistently 492 

represented 25±6% of the total C removal from the ocean and atmosphere system81, which 493 

suggests that C removal by OC burial and carbonate burial generally increased and decreased 494 

in tandem. The stability in this ratio of C burial implies a somewhat remarkable coupling, 495 
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whereby the weathering supply of Ca and Mg to the oceans is mirrored in the burial and 496 

preservation of OC. The positive relationship between OCbiosphere erosion and physical erosion 497 

(Figs. 3b) might explain this relationship, as erosion-driven increases (or decreases) in silicate 498 

weathering might be accompanied by changes in erosion and transfer of OCbiosphere. The 499 

enhanced supply of rock-derived nutrients to the ocean, as a result of higher weathering 500 

fluxes, might also feed marine productivity and OC burial. However, caution is warranted 501 

when interpreting C isotope records, in part because they are sensitive to changes in the 502 

isotopic composition of CO2 that is degassed from the solid Earth199,200.  503 

5. A new view of erosion and C transfers 504 

With new information emerging regarding C sources and sinks in the present day, as well as 505 

in the geological past, we are poised to consider how recent insights influence our view of the 506 

long-term C cycle — and how human-induced changes in erosions rates might influence the 507 

global C cycle moving forward.  508 

5.1 A long-term C cycle view 509 

In this Review we have made the case that it is essential to take a holistic view of all 510 

CO2 sources and sinks associated with uplift and erosion to fully evaluate the long-standing 511 

hypotheses that link mountain building to the evolution of global climate. Our Review reveals 512 

that there is considerable variability in the net C budget of erosion (Figs. 3, 4), indicating that 513 

the total CO2 budget might depend on multiple factors.  514 

Lithology matters (Fig. 4), both in terms of the reactivity of silicate minerals and the 515 

abundance of sulfide and carbonate phases. In this respect, volcanic rocks are optimized for 516 

CO2 drawdown (Fig. 5), with abundant cation-rich primary minerals that can sustain high 517 

silicate weathering rates201 and few sulfide minerals or OCpetro. Young, rapidly eroding 518 

volcanic terrains 144,202,203 are thus poised to play important roles in climate evolution204. 519 

Sedimentary rocks, in contrast, are typically depleted in base cations due to past weathering 520 

cycles147, and shales can be rich in sulfides and OCpetro. As a result, they are primed to be 521 

potent CO2 sources41,42,124,134 (Fig. 3b). Thus, the net C cycle fluxes associated with mountain 522 

building might vary depending on regional tectonics, and perhaps throughout orogenic 523 

evolution2,205 as different lithologies are exposed (for example, initial erosion of arc volcanics 524 

and subsequent erosion of a sedimentary pile as exhumation continues).  525 
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In addition, the temporal sequence of mountain building might influence the long-526 

term C cycle because denudation rates evolve over time. Our Review indicates that there 527 

could be a “sweet spot” of net CO2 drawdown at intermediate denudation rates. At the lowest 528 

denudation rates, silicate weathering is supply limited and OCbiosphere erosion muted56. 529 

However, at the highest denudation rates, oxidative weathering surpasses silicate weathering, 530 

and the net balance tips towards a CO2 source, at least for some lithologies. Therefore, during 531 

periods of active uplift (such as in Taiwan today), mountain building might push the system 532 

towards becoming a CO2 source41,134,206 (depending on the sink through OCbiosphere 533 

burial59,127). In the later stages of evolution (for example, the modern relicts of the 534 

Appalachian orogeny) CO2 sinks can dominate, though the overall fluxes might be lower 535 

(Figs. 4b, 5). While we can predict these general trends, complexities arising from the 536 

interplay of erosion, weathering and climate preclude the definition of specific thresholds for 537 

the transition from a net source to a net sink of CO2 in mountainous regions, presenting 538 

challenges for quantitative modelling (Fig. 3).  539 

Climate might also modulate the effect of erosion on the C cycle in complex ways 540 

(Fig. 5). Cooler temperatures and lower runoff decrease silicate weathering yields32,207 and 541 

reduce erosion and transfer of OCbiosphere (refs.92,104). At the same time, glaciation could 542 

increase CO2 emissions via oxidative weathering in basins dominated by sedimentary 543 

rocks62,127 through a combination of physical (frost shattering and surface area production) 544 

and biogeochemical (higher relative O2 availability for oxidative weathering) mechanisms. 545 

Although the lithological control must still be considered, erosion in warmer, wetter climates 546 

might be more likely to produce a net sink of CO2 than erosion in colder climates, at least 547 

where frost-cracking and glacial processes become active (Fig. 5). Thus, the location of 548 

eroding mountainous topography with respect to latitude, and the timing of mountain uplift 549 

with respect to climate evolution, likely play important roles in determining the overall effect 550 

of erosion on the global C cycle.  551 

The impact of erosion on the C cycle might have changed over geological time as the 552 

composition of exposed rocks and the atmosphere evolved. For example, the O2-rich 553 

atmosphere, terrestrial ecosystems and large sedimentary stocks of carbonate and OCpetro that 554 

characterise the mid- to late-Phanerozoic could have aided the oxidative reactions that drive 555 

CO2 emissions. Conversely, heighted erosion and burial of OCbiosphere in the Phanerozoic 556 

might have countered the increased CO2 emissions. By contrast, mountain building events 557 
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earlier in Earth’s history, such as during the formation of the supercontinent Rodinia, 1100-558 

900 Ma ago, would likely have had very different C cycle impacts64,81.  559 

5.2 An Anthropocene view 560 

Variations in erosional carbon fluxes might influence the global carbon cycle over 561 

much shorter timescales, such as over hundreds of years. Over the coming century, human-562 

induced changes in erosion-related CO2 emissions from sedimentary rocks could result in a 563 

previously overlooked source of C to the atmosphere. Humans have perturbed erosion rates 564 

and global sediment fluxes208, causing erosion rates in some mountain catchments underlain 565 

by shales to more than double during the industrial period209,210. There is also evidence that 566 

the legacy of coal mining can vastly increase oxidative weathering reactions, releasing CO2 567 

from sulfuric acid-carbonate weathering and OCpetro oxidation211. An average increase in 568 

global erosion of ~10-20% is likely to correspond to a similar increase in CO2 emissions from 569 

weathering of shales (Fig. 3c&d), potentially prolonging the impacts of anthropogenic 570 

climate change. Thus, the assumptions that carbonate weathering is CO2 neutral in terms of 571 

the human-modified carbon cycle212, and that OCpetro is unreactive and passive in soils82 (and 572 

thus not a CO2 source), must be revisited. 573 

Erosive environments not directly altered by humans might also respond to 574 

anthropogenic climate change. At high latitudes, thermokarst erosion in northern Canada 575 

associated with permafrost thaw exposes carbonate and sulfide minerals in scars and deposits. 576 

The resulting sulfuric acid-carbonate weathering could release much more CO2 than the 577 

degradation of thawed OC in permafrost213. Changes in the cryosphere could also influence 578 

the balance between CO2 sources and sinks, with glacier mass loss exposing glaciogenic 579 

sediments to oxidative weathering62,127. The fluxes associated with each process are 580 

uncertain, but they could contribute to regional scale carbon budgets, and potentially offset 581 

part of the net land sink of anthropogenic CO2 (ref.48). Understanding how human-induced 582 

changes in land use, erosion, temperature and runoff control the CO2 emissions from 583 

weathering sedimentary rocks41,62,127,213 will be important for evaluating their potential role as 584 

CO2 sources that extend the impacts of climate change214. 585 

In considering the effect of human induced erosion, it is important to note that the 586 

combustion of fossil fuels itself represents accelerated oxidation of OCpetro — and the 587 

magnitude of this flux is very large. The ‘natural’ flux of CO2 released by OCpetro oxidation40 588 
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is 40-100 MtC yr-1, while the release of OC by fossil fuel burning215 is 921400 MtC yr-1 (Fig. 589 

2). Similarly, the combined CO2 sink by OC burial and silicate weathering (260-310 MtC yr-590 

1; Fig. 1B) is only ~20% of the estimated CO2 release associated with deforestation and land 591 

use change (~1500 MtC yr-1). As such, doubling the global CO2 release from erosion-driven 592 

oxidative weathering of OCpetro and sulfides (to ~280 MtC yr-1) would only equate to ~3% of 593 

anthropogenic CO2 emissions. Even so, the long-term effects of human-heightened erosion 594 

could be important and, over timescales of >1000 years, could influence the re-distribution of 595 

carbon from human CO2 emissions via silicate weathering and OC burial (Fig. 2), thus 596 

shaping the future trajectory of atmospheric CO2 concentrations216.  597 

6 Conclusions  598 

6.1 Summary  599 

Multiple processes determine the net “rock-atmosphere” exchange of C. CO2 is drawn 600 

down by silicate weathering and OCbiosphere erosion and burial, but it is also released by 601 

OCpetro oxidation and sulfuric acid weathering. Understanding the overall effect of erosion 602 

and mountain building on the C cycle depends on considering all C transfer fluxes together. 603 

In many present-day systems (Fig. 4), the C balance is strongly influenced by fluxes that are 604 

overlooked in existing geochemical models of the long term C cycle: sulfide oxidation, 605 

OCbiosphere erosion and burial, and OCpetro oxidation.  606 

The fluxes associated with the C transfer mechanisms that shape the geological C 607 

cycle all broadly increase with erosion rate (Fig. 3); erosion removes OC from vegetation and 608 

soils and enhances the supply of minerals to the critical zone, where water, acids and rocks 609 

interact. However, variability exists in the relationships between erosion rate and the flux of 610 

C from each transfer mechanism, which could, in part, reflect climatic (hydrological and 611 

temperature) controls. In terms of CO2 sinks, silicate weathering reactions are most sensitive 612 

to changes in hydrology and temperature in mountainous regions. In addition, erosion of 613 

OCbiosphere is also linked to changes in runoff and, therefore, the CO2 sinks can drive negative 614 

feedbacks in the carbon cycle — feedbacks that are sustained by erosion. CO2 sources via 615 

oxidative weathering are typically considered to be only weakly dependent on climate, 616 

although there is some evidence to suggest that a stronger relationship might exist for the 617 

oxidation of OCpetro. CO2 sources might also be sensitive to climate indirectly through 618 

facilitation of oxidative weathering by glacial processes. 619 
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Lithology appears to play a central role in determining the balance between the 620 

different C fluxes. A mountain range underlain by sedimentary-rocks might produce a net 621 

CO2 source to the atmosphere (or be CO2 neutral), whereas volcanic rocks are more likely to 622 

be efficient CO2 sinks. Understanding the impact of mountain building on the C cycle over 623 

geologic time will depend on quantifying the interaction of lithologic, climatic, and erosional 624 

controls (Fig. 5). Such understanding would benefit from future catchment-based estimates of 625 

the net “rock-atmosphere” CO2 transfers (Fig. 4) across a wider range of scales, lithologies, 626 

and climate conditions, and will require C cycle models that can tackle the four key processes 627 

that are operating as CO2 sources and sinks. 628 

6.2 Future perspectives 629 

We suggest that future research should focus on several areas that will help determine 630 

the relationship between mountain building, heightened erosion and CO2 sources and sinks. 631 

One set of future directions relates to the fluxes and controls on oxidative weathering and C 632 

release. More work is required to understand the mechanism of sulfide and OCpetro oxidation, 633 

and to quantify their associated CO2 release. Future research will benefit from studies at a 634 

wide range of scales, including measurements at the weathering profile scale (over several 635 

meters) of specific rock-types to investigate lithology-dependence, as well as assessment of 636 

net CO2 fluxes from large river basins to constrain landscape-scale controls. In addition, 637 

future studies should aim to understand the role of climatic factors, such as temperature and 638 

hydrology, on the CO2 release by weathering of shales and sedimentary rocks through OCpetro 639 

and sulfide oxidation. A combination of field, laboratory and numerical modelling 640 

approaches will be needed to understand potential feedbacks between climate and CO2 641 

emissions by oxidative weathering. 642 

The role of floodplains in the net CO2 transfer between rocks and the atmosphere also 643 

needs to be addressed, as do chemical reactions within landslide deposits that potentially act 644 

as weathering hotspots in actively eroding landscapes. Better understanding of where 645 

weathering takes place within landscapes could help to resolve discrepancies between soil 646 

and solute-derived silicate weathering (Fig. 3a). Furthermore, the role of weathering and 647 

erosion in supplying rock-derived nutrients to terrestrial and marine ecosystems is 648 

increasingly recognized, but more work is needed to quantify the net impact on long-term C 649 

storage.  650 
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Future analyses of catchment-scale C budgets, to assess the net rock-atmosphere CO2 651 

exchange in different settings, are also encouraged. Current data only allow for the full C 652 

budget to be assessed in one volcanic setting (Fig. 4), even though volcanic rocks are 653 

recognised as key locations for silicate weathering and CO2 drawdown. Such studies would 654 

provide the empirical basis for models that consider all C transfer mechanisms holistically, 655 

and thus help to understand how mountain building and erosion impacts global 656 

biogeochemical cycles. There is now an opportunity to design and test C cycle models that 657 

include the erosion and burial of OCbiosphere and the oxidative weathering of OCpetro and 658 

sulfide minerals and, therefore, shift the focus beyond the canonical focus on silicate 659 

weathering.  660 
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 1385 

Key points: 1386 

- Erosion resulting from mountain building increases transfer of carbon between the 1387 

atmosphere and storage in rocks 1388 

- The traditional view has focused on CO2 drawdown by silicate weathering, and its 1389 

links to climate and erosion 1390 

- An emerging view also considers CO2 drawdown by organic carbon burial, and CO2 1391 

emissions from oxidative weathering of both rock organic carbon and sulfide minerals 1392 

- CO2 sources and sinks increase with erosion, and the net balance has now been 1393 

quantified in a handful of locations  1394 

- Climate (temperature, hydrology) regulates inorganic and organic CO2 sinks, with 1395 

complex interdependency on erosion 1396 

- Lithology is important: a mountain range composed of sedimentary rocks may be a 1397 

weak CO2 sink (or CO2 source), but volcanic rocks favor CO2 drawdown 1398 
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 1426 

Figure 1: The geological carbon cycle and transfers of carbon between the atmosphere 1427 

and rocks. A. The textbook view35 that juxtaposes CO2 emissions from volcanism44,45 against 1428 

silicate mineral weathering and carbonate burial (inorganic carbon transfers shown in 1429 

blue)18,51. B. The emerging view that we highlight in this Review, which also considers the 1430 

organic carbon pathways shown in green for: the erosion of the terrestrial biosphere and 1431 

transfer by rivers90, organic carbon burial in the ocean82,83,85 and the oxidative weathering of 1432 

rock organic carbon40. Additional CO2 release can occur as a result of sulfide oxidation132,133. 1433 

Carbon stocks in rocks as carbonate minerals and rock organic carbon are provided in 1434 

Megatonnes of carbon (MtC)49. Carbon fluxes that operate on short timescales (< 100s of 1435 

kyrs, such as photosynthesis, respiration, and carbonate weathering; Fig. 2) are not shown.  1436 
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 1438 

Figure 2: Comparison of major fluxes and timescales of relevance in the global carbon 1439 

cycle. Estimated pre-industrial fluxes of carbon (J) (refs.48, 49) are shown along with the 1440 

timescale required for each flux to replace the entire carbon mass of the oceans, atmosphere 1441 

and biosphere (Mocean+atm+biosphere = 43,540 ± 550 PgC). Green symbols denote the organic 1442 

carbon cycle, and blue the inorganic carbon cycle. Open circles show processes that dominate 1443 

the ‘short-term’ carbon cycle (<100,000 years), which include net primary production on land 1444 

and in the ocean, respiration, and ocean-atmosphere gas exchanges. The net difference 1445 

between the short-term fluxes (“NPP – R”, and “Net ocean-atmosphere gas exchange”) can 1446 

control the carbon cycle over decades to thousands of years. The processes that dominate the 1447 

long-term carbon cycle, over 105 to 106 year timescales, are shown as filled circles. The rapid 1448 

acceleration of rock organic carbon oxidation by fossil fuel burning is highlighted as a black 1449 

symbol.  1450 

  1451 
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 1452 

Figure 3: A river catchment view of physical erosion rate versus carbon transfer. A) 1453 

Relationship between physical denudation rate and silicate weathering fluxes. Coloured 1454 

symbols refer to the cation flux derived from silicate weathering for selected river catchments 1455 

draining felsic rocks32, with colour corresponding to mean annual temperature. Open symbols 1456 

represent measurements of chemical weathering fluxes determined from granitic soils72,217,218. 1457 

The river catchment silicate weathering rates are ~10% of the soil-derived total chemical 1458 

weathering rates, consistent with the observation that there are ~10% silicate cations in felsic 1459 

rocks32. The black line has a gradient of 1, representing a linear trend and showing a supply-1460 

limited control on silicate weathering fluxes. B) Erosion of biospheric organic carbon (OC) 1461 

versus the suspended sediment yield in rivers globally. The erosional flux of biospheric OC is 1462 

determined using stable isotopes and radiocarbon (to separate biospheric and petrogenic 1463 

OC)87,90,92,103. Dotted lines indicate the trends predicted if the eroded sediments contain a 1464 

constant concentration of OC. C) Oxidation of rock-derived organic carbon (OCpetro) 1465 

calculated using rhenium as a proxy41,124,127,142 (closed symbols) and direct measurements118 1466 

(open symbol). Dotted lines represent expected weathering rates of various rock organic 1467 

carbon contents and a weathering intensity of 50% (χ=0.5). Compiled data are provided in the 1468 

Supplementary Information. D) CO2 release associated with sulfide oxidation, assuming a 1:1 1469 

molar ratio release of sulfur and carbon resulting from sulfuric acid weathering of carbonates. 1470 

Closed symbols represent estimates from river chemistry19,42,43,134 and open symbols from 1471 

direct measurements118. Dotted lines indicate weathering rates assuming a constant 1472 

weathering intensity (complete oxidation, χ=1) for given sulfur content in bedrocks.  1473 
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1475 
Figure 4: Net “rock-atmosphere” CO2 exchange in river catchments. A. The potential 1476 

CO2 sinks by silicate weathering (light blue) and biospheric organic carbon (OCbiosphere) burial 1477 

(green) are shown as negative fluxes. CO2 sources via oxidative weathering of rock-derived 1478 

organic carbon (OCpetro; grey) and sulfides (dark blue) are shown as positive fluxes. 1479 

Uncertainties on all fluxes are provided as whiskers. The net geochemical carbon flux in each 1480 

catchment is given as a black tick (uncertainty range provided by pink bars). Numbers in 1481 

parentheses beside catchment names represent the net transfer of CO2 in ktC yr-1. Inset shows 1482 

magnification of catchments with lower yields. B. CO2 sources and sinks shown by the same 1483 

coloured bars as in part A, but the catchments are arranged in terms of lithology and physical 1484 

erosion rate. The black arrow indicates whether the net CO2 exchange is a source or sink 1485 

(refer to part A for the absolute values). Compiled data41-43,69,93,139-145 are provided in the 1486 

Supplementary Information. 1487 
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 1489 

Figure 5: A new view of mountains, erosion and the carbon cycle. Schematic of the CO2 1490 

sources and sinks by weathering in different environments, including fluxes in the inorganic 1491 

carbon cycle (Jsil = silicate weathering, light blue; Jcarb-sulf = sulfide oxidation, dark blue) and 1492 

organic carbon cycle (JOCburial = OC burial, dark green; JOCpetro-ox = rock organic carbon 1493 

oxidation, grey), along with the net effect of “rock-atmosphere” fluxes on CO2 (black arrow). 1494 

The cartoon considers catchments with high erosion rates, where reactions may be 1495 

“kinetically limited”, and low erosion rates, where reactions are “supply limited”, shown by 1496 

the white and black stars, respectively. The influence of lithology is shown by sedimentary 1497 

rock-dominated catchments on the left side, and catchments underlain by volcanic rocks on 1498 

the right. The dotted line separates: a) hotter or wetter climates on the near side; and b) cooler 1499 

climates on the on the far side. Stylized fluxes represent qualitative estimates from these 1500 

different environments based on data collected to date (Fig. 4).  1501 

  1502 
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Box 1: CO2 sources and sinks by weathering and erosion  1503 

1. Silicate weathering as a CO2 sink  1504 

Dissolution of atmospheric CO2 in rainwater (H2O) leads to the formation of carbonic acid, which causes the 1505 

breakdown of silicate minerals via: 1506 

2𝐶𝑂ଶ ൅ 3𝐻ଶ𝑂 ൅ 𝐶𝑎𝐴𝑙ଶ𝑆𝑖ଶ𝑂଼ ൌ  𝐶𝑎ଶା ൅ 2𝐻𝐶𝑂ଷ
ି ൅ 𝐴𝑙ଶ𝑆𝑖ଶ𝑂ହሺ𝑂𝐻ሻସ (Eq. 1) 1507 

Silicate weathering reactions result in long-term CO2 drawdown when the reaction products are used to form 1508 

calcium carbonate (CaCO3), following: 1509 

𝐶𝑎ଶା ൅ 2𝐻𝐶𝑂ଷ
ି ൌ 𝐶𝑎𝐶𝑂ଷ ൅ 𝐶𝑂ଶ ൅ 𝐻ଶ𝑂      (Eq. 2) 1510 

2. Sulfide oxidation as a CO2 source 1511 

Sulfide minerals (such as pyrite, FeS2) can be oxidised by gaseous or dissolved O2
 (Eq. 3), or by reduction of 1512 

another oxidised species (such as ferric iron, Fe3+; Eq. 4): 1513 

4𝐹𝑒𝑆ଶ ൅ 15𝑂ଶ ൅ 14𝐻ଶ𝑂 ൌ 4𝐹𝑒ሺ𝑂𝐻ሻଷ ൅ 8𝐻ଶ𝑆𝑂ସ     (Eq. 3) 1514 

𝐹𝑒𝑆ଶ ൅ 14𝐹𝑒ଷା ൅ 8𝐻ଶ𝑂 ൌ 15𝐹𝑒ଶା ൅ 2𝑆𝑂ସ
ଶି ൅ 16𝐻ା    (Eq. 4) 1515 

Sulfuric acid (produced in both cases) can weather carbonate minerals (Eq. 1), following: 1516 

𝐶𝑎𝐶𝑂ଷ ൅ 𝐻ଶ𝑆𝑂ସ ൌ  𝐶𝑂ଶ ൅ 𝐻ଶ𝑂 ൅ 𝐶𝑎ଶା ൅ 𝑆𝑂ସ
ଶି    (Eq. 5) 1517 

thus acting as a source of CO2. Alternatively, the production of sulfuric acid might alter the alkalinity balance of 1518 

natural waters, also resulting in CO2 release. Either way, the CO2 released in association with sulfide oxidation 1519 

is balanced by alkalinity production during sulfate reduction and sulfide precipitation in marine sediments. 1520 

However, the long residence time of SO4
2- in the oceans (~ 10 Myrs at present) means that sulfide oxidation 1521 

might have a persistent effect on atmospheric CO2 concentration42,43. 1522 

3. Biospheric POC erosion as a CO2 sink 1523 

Photosynthesis forms organic matter, removing CO2 from the atmosphere and producing O2: 1524 

𝐶𝑂ଶ ൅ 𝐻ଶ𝑂
௟௜௚௛௧,௡௨௧௥௜௘௡௧௦
ሱ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ሮ 𝐶𝐻ଶ𝑂 ൅ 𝑂ଶ      (Eq. 6) 1525 

Erosion can export particulate organic carbon (POC) from forests and deliver it to rivers76. If this POC is buried 1526 

in sediments80, and the eroded terrestrial OC is replaced by new photosynthetic production79, the net effect is 1527 

long-term CO2 drawdown through burial of OC in rocks.  1528 

4. Oxidation of OCpetro as a CO2 source 1529 

When sedimentary rocks are exhumed, OCpetro (also described as ‘fossil’ OC88) can break down chemically as:  1530 

𝐶𝐻ଶ𝑂 ൅ 𝑂ଶ  
௘௡௭௬௠௘௦
ሱ⎯⎯⎯⎯⎯ሮ 𝐶𝑂ଶ ൅ 𝐻ଶ𝑂       (Eq. 7) 1531 



For Durham Research Online ‐ Accepted final text of: Hilton & West, for Nature Reviews Earth & 
Environment, 20th April 2020, https://doi.org/10.1038/s43017‐020‐0058‐6 

For the final corrected version of the manuscript, please see the journal link, or contact the authors. 
 
There is substantial evidence that respiration of OCpetro, which might be mediated by microbiology, can occur in 1532 

the weathering zone116,118,128,131.  1533 
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Glossary  1535 

Biospheric organic carbon – Carbon derived from living plants and degraded organic matter 1536 

in soils, up to a few thousands of years in age.  1537 

Critical zone – The region from the top of the vegetation canopy to the base of the ground 1538 

water; where rocks, water, atmosphere and life interact. 1539 

Weathering flux – The rate of the mass transfer of weathering products (t km-2 yr-1). 1540 

Equivalent to the product of total denudation rate and chemical weathering intensity. 1541 

Weathering intensity – The ratio between chemical denudation and total denudation ( 1542 

represented by a fraction or percent).  1543 

Denudation – The total loss of mass from a landscape, driven by erosion (physical 1544 

denudation) and/or by chemical weathering (chemical denudation; t km-2 yr-1). 1545 

Draw down of carbon dioxide – Transfer of C from the CO2 molecule in the atmosphere to 1546 

bicarbonate, carbonate, or organic matter. 1547 

Erosion – The movement of mass across Earth’s surface, usually by fluids (granular, liquid, 1548 

or gas; t km-2 yr-1).  1549 

Landslides – An erosion process that acts to move material in a rapid motion and results in 1550 

transfer of mass downslope.  1551 

Mountain building – The formation of a mountain range due to tectonic plate convergence, 1552 

folding and faulting, or through dynamic forces that act on Earth’s crust.  1553 

Petrogenic OC – Organic carbon that is rock-derived, typically defined on the basis of being 1554 

depleted in radiocarbon (therefore older than ~>60,000 years).  1555 

Reactivity – The tendency of a substance (atom, molecule) to undergo a reaction; is 1556 

considered in terms of the individual phase (silicate mineral, organic molecule) and 1557 

associated acid-base or reduction/oxidation reactions in chemical weathering.  1558 

Shales – A type of sedimentary rock that is typically fine grained and mostly made up of silt 1559 

and clay sized clasts, and can contain up to a few weight percent of carbonate, OCpetro and 1560 

sulfide minerals.  1561 
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“Supply limited” weathering - when chemical weathering reactions are limited by the 1562 

supply of minerals to react. 1563 

Chemical weathering – The chemical processes that disintegrate (break up, loosen) rock, 1564 

altering its original characteristics and producing weathering products.  1565 

Weathering front – A marked gradient in the chemical composition of a weathering profile 1566 

where a parameter changes from the original un-weathered rock, to the solid weathering 1567 

products.  1568 

Weathering limited: when chemical weathering fluxes are limited by factors that control the 1569 

rate of reaction, such as temperature and fluid flow  1570 

Weathering profile – A one dimensional view of the chemical and/or physical changes to 1571 

rocks as they are exposed to life, water and the atmosphere.  1572 

Weathering thermostat – The response of weathering fluxes to changes in climate that act 1573 

to stabilise atmospheric CO2 and Earth’s surface temperature; increases in temperature and/or 1574 

CO2 concentrations cause a response that acts to draw down CO2. 1575 

 1576 

Summary: 1577 

By increasing erosion, mountain building can steer the evolution of atmospheric CO2 and 1578 

global climate. This Review expands from the canonical focus on erosion and silicate 1579 

weathering to consider the net carbon budget of erosion, including both CO2 sinks (silicate 1580 

weathering, organic carbon burial) and CO2 sources (oxidative weathering) together. 1581 


