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Abstract 15 

 16 

The application of carbonate minerals to arable lands — agricultural liming — is a long-standing 17 

practice for counteracting soil acidification due to atmospheric pollution and anthropogenic 18 

fertilizer addition1–3. While this practice boosts crop yields and mitigates soil acidification4, it is 19 

widely considered to be a significant component of agricultural emissions of carbon dioxide 20 

(CO2)
5. Here, we use a multi-decade timeseries of agricultural liming and anthropogenic acidity 21 

for the Mississippi River Basin — one of the largest agricultural catchments on Earth — together 22 

with results from reactive transport modeling to show that agricultural liming has acted as a net 23 

carbon sink over the last century. We show that ~75% (65-85%) of the maximum carbon dioxide 24 

removal potential of agricultural lime added since 1900 has been realized on the catchment scale, 25 

with a time lag due to soil cation exchange and solute transport of roughly ~15 years. Our results 26 

suggest that it is the addition of anthropogenic acidity to agricultural systems that should be 27 

thought of as an emissions source, rather than the addition of lime, and underscore that optimized 28 

soil pH management can significantly reduce agricultural greenhouse gas emissions while 29 

augmenting crop yields and soil health.  30 



Main text 31 

The agricultural sector is responsible for a significant amount of greenhouse gas (GHG) emissions, 32 

with farm-to-fork emissions comprising ~30% of total anthropogenic GHG emissions globally6. 33 

In the US, direct agricultural emissions account for about 10% of overall emissions and have 34 

increased by ~8% since 19903. Global GHG emissions from agriculture are projected to increase 35 

approximately 30-40% by 20506 to meet food demands associated with human population growth. 36 

Agricultural GHG emissions are difficult to mitigate, with the agricultural sector representing a 37 

significant fraction of residual carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) 38 

emissions in net-zero scenarios from integrated assessment modeling7–9. 39 

 40 

A large proportion of agricultural emissions are tied to nutrient cycling and the management of 41 

soil acidity4,10. While essential for high crop yields, the use of nitrogen fertilizers results in 42 

lifecycle emissions of CO2 during fertilizer production, drives soil emissions of N2O, and acidifies 43 

soils because acidity is produced during the nitrification of ammonium (NH4
+) to nitrate (NO3

-) in 44 

agricultural systems1. Soil acidity is a major issue because it can reduce nutrient use efficiency 45 

(NUE) in crops and in extreme cases reduce crop yields because of plant aluminum toxicity11,12. 46 

As a result, it is often standard agronomic practice to manage soil pH through the addition of fine-47 

grained limestone (CaCO3) or dolomite ((Ca,Mg)CO3) to soils, referred to here as agricultural 48 

lime. Silicates have also been used as fertilizers and to improve soil pH13,14 and have gained recent 49 

interest as feedstocks in enhanced weathering for carbon dioxide removal (CDR)15,16. These 50 

practices improve yields, can improve NUE, and have been shown to reduce trace GHG emissions 51 

from many agricultural systems4,10. Increasing soil pH is also an incentive-based method available 52 

for reducing N2O emissions4,10. 53 

 54 

However, dissolution of limestone at low pH values17 — the conditions liming is meant to remedy 55 

— can result in the production of CO2: 56 

CaCO3 + 2H+ → Ca2+ + CO2 + H2O       .       (Eq. 1) 57 

This process is the conceptual basis for the conventional assumption that agricultural liming 58 

represents a net CO2 emissions source. For instance, the current framework used by the IPCC to 59 

evaluate country- and sector-level greenhouse gas emissions assumes that all carbon contained in 60 



agricultural lime is emitted to the atmosphere5, while national GHG accounting in the United States 61 

includes the assumption that roughly half of the carbon contained in agricultural lime is emitted to 62 

the atmosphere18. This framework presents agricultural producers and land managers with a 63 

difficult tradeoff between the positive impacts of liming on crop yield, soil health, and trace GHG 64 

emission reductions and the potential for increased agricultural CO2 emissions.  65 

 66 

Here, we revisit the impact of agricultural liming using multi-decade timeseries data for one of the 67 

largest agricultural watersheds on Earth — the Mississippi River Basin (MRB). We show that the 68 

current conceptual framework is inadequate for tracking the climate impacts of agricultural soil 69 

pH management. Specifically, we argue that it is the input of anthropogenic acidity to agricultural 70 

systems — sulfuric and nitric acids from fertilization and fossil fuel combustion — that drives CO2 71 

emissions rather than inputs of agricultural lime (see also Supplement S2). As a result, the relevant 72 

counterfactual for evaluating the impacts of agricultural liming on CO2 fluxes is the reaction of 73 

anthropogenic acidity with natural background sources of alkalinity and inorganic carbon. We then 74 

show that 75% or more of the full CDR potential of agricultural lime application to the MRB has 75 

been realized over the last century, with a time lag between agricultural lime application and 76 

carbon export of ~15 years resulting from soil cation exchange and solute transport. 77 

 78 

The fate of anthropogenic acidity in the Mississippi River Basin 79 

The MRB offers the unique opportunity to assess the dynamics of acidity addition and removal 80 

through liming in agricultural lands. The catchment covers 41% of the total area — and ~2/3 of 81 

the agricultural area — of the contiguous US19, receives the majority of agricultural lime input1–82 

319, and its river chemistry is heavily impacted by agricultural processes1,20–24 (Figure 1). Using 83 

geospatial and timeseries data for inputs of nitrogen (N), sulfur (S)25–30, and agricultural lime1–3 84 

(see Online Methods), we quantify anthropogenic acidity pollution and intentional buffering of 85 

this acidity by addition of alkalinity through agricultural liming through the last century. The 86 

records compiled here (Figure 2) collectively allow us to evaluate anthropogenic additions of 87 

acidity and alkalinity into the largest river system in the US during the development of industrial 88 

agriculture and the initial rise and later decline of acid pollution from fossil fuel burning. 89 

 90 



There is a clear and well-documented increase in agricultural lime application after ~1935, from 91 

~1 megatonne (Mt; 106 tonnes) of lime per year to ~20 Mt y-1 nationally by 1950 (Figure 2a). 92 

Between 1900 and 1960 the majority of agricultural lime application in the US occurred in the 93 

MRB1–3. Rates of fertilizer application to the MRB have also increased dramatically since 194031, 94 

with a significant increase between 1960-1980 to ~6 MtN y-1 (Figure 2b) and a leveling off in 95 

subsequent decades. Atmospheric acidity deposition — SO2 and NOx species derived primarily 96 

from anthropogenic fossil fuel combustion — gradually increased throughout the early part of the 97 

century but have been decreasing sharply in recent decades due to air quality and emissions 98 

regulations (Figure 2c).  99 

 100 

Taken together, these compiled timeseries data allow us to construct an acid-base balance for the 101 

Mississippi catchment over the last century (Figure 2d). Overall, anthropogenic acidity pollution 102 

increased significantly between 1900 and the 1970s, from ~0.1 terramoles of acidity (Tmol; 1012 103 

mol) per year to roughly 0.5 Tmol y-1 by 1970. Prior to 1960 most of this acidity flux was derived 104 

from atmospheric pollution, but a sharp increase in fertilizer addition and gradual decreases in 105 

atmospheric pollution have resulted in anthropogenic fertilizer addition being the largest single 106 

source of acidity pollution since 2010. Anthropogenic acidity inputs have vastly outstripped 107 

alkalinity inputs through agricultural liming through the last century, with a nearly 15 Tmol 108 

cumulative excess of acidity input to the MRB by 2015.  109 

 110 

Excess acidity and the carbon balance of agricultural liming 111 

Our results indicate that inputs of alkalinity through agricultural liming in the Mississippi 112 

catchment have not been sufficient to counteract inputs of acidity from fertilizer oxidation and 113 

atmospheric pollution (Figure 2d). This imbalance in the acidity budget implies that soil and river 114 

pH levels are lower than they would otherwise be without human intervention. To mechanistically 115 

evaluate the impact of excess anthropogenic acidity on the carbon cycle of the Mississippi 116 

catchment we feed the acidity and alkalinity fluxes from our timeseries into a gridded reactive 117 

transport model ensemble that accounts for the effects of local soil variations in cation exchange 118 

processes, geology, and agricultural practices (see Online Methods and Supplementary Material). 119 

This allows us to attribute the fate of excess anthropogenic acidity to chemical reactions and 120 



transport processes, allowing us to estimate the fraction of excess acidity that ultimately results in 121 

CO2 emissions (Figure S9). We can then compare a “counterfactual” scenario (that includes inputs 122 

of anthropogenic acidity but without agricultural liming) to a scenario including agricultural liming 123 

based on historical data (Figure 3a). 124 

 125 

Our results suggest that the potential CO2 emissions from excess anthropogenic acidity are 126 

significantly larger than estimated CO2 emissions from agricultural lime using the conventional 127 

IPCC and US GHG accounting frameworks (Figure 3a). For instance, in 1980 our results indicate 128 

that excess anthropogenic acidity was sufficient to drive CO2 emissions equivalent to ~15 MtCO2 129 

y-1 with no agricultural liming, while emissions decrease to ~10 MtCO2 y
-1 with liming included. 130 

In contrast, IPCC and US GHG accounting estimates that assume agricultural lime is the source 131 

of CO2 emissions rather than anthropogenic acidity are well below both of these values, at ~7 and 132 

4 MtCO2 y
-1, respectively. The current IPCC framework for calculating liming CO2 emissions5 133 

only yields correct values when alkalinity addition through liming happens to match overall net-134 

acidity inputs to the system, which has rarely been the case historically in the US (Figure 2) and 135 

is uncommon globally32.  136 

 137 

This suggests that it is the flux of anthropogenic acidity — rather than inputs of agricultural lime 138 

— that should be the metric for evaluating CO2 emissions and constructing counterfactual 139 

scenarios for geochemical practice interventions within the agricultural system (see also Online 140 

Methods). Specifically, baseline or counterfactual rates of CO2 emission from agricultural systems 141 

should be grounded in fluxes of anthropogenic acidity, rather than fluxes of agricultural lime, and 142 

the impact of agricultural liming on GHG emissions should be evaluated based on this 143 

counterfactual rather than based on any assumed emissions factors for lime. Indeed, our results 144 

indicate that inputs of agricultural lime in the Mississippi catchment have acted to decrease CO2 145 

emissions on a decadal timescale— and suggest that agricultural liming has been strongly carbon-146 

removing at the catchment scale for most of the last century in the Mississippi watershed (Figure 147 

3a). 148 

 149 



Efficiency and timescales of carbon removal in the Mississippi River Basin 150 

We can use the difference between the simulations with and without agricultural liming to estimate 151 

the aggregate CDR associated with liming in the Mississippi catchment over the last century 152 

(Figure 3b). Cumulatively, our modeling approach estimates that ~300 MtCO2 have been removed 153 

through agricultural liming in the period between 1900-2015 (Figure 3b). We can compare this 154 

with excess riverine bicarbonate fluxes22,23 (Figure S1; see Online Methods and Supplement S1) 155 

compared to a pre-1935 baseline, which indicate that an additional ~800 MtCO2 has been exported 156 

cumulatively from the Mississippi catchment over the same period. Assuming this derives from 157 

the reaction of lime with carbonic acid, based on the stoichiometry of carbonate dissolution, this 158 

equates to ~400 MtCO2 removed through liming and transported in the Mississippi:  159 

CaCO3 + CO2 + H2O → Ca2+ + 2HCO3−       .      (Eq. 2) 160 

This correspondence between independent bottom-up (biogeochemical model-based) and top-161 

down (river record-based) flux estimates strongly supports the contention that agricultural liming 162 

has served as a carbon removal flux in the Mississippi catchment over the last century. Consistent 163 

with this interpretation, based on changes in the ratio between Ca2+ and Mg2+ to HCO3
- 164 

concentrations33 (see Online Methods) our novel Mississippi River chemistry dataset (Figure S1) 165 

indicates that the fraction of weathering occurring due to strong acids has decreased over the same 166 

period and the catchment has gradually become a larger CO2 sink over time (Figure S2). 167 

 168 

We can evaluate the timescales and efficiency of carbon removal through agricultural liming over 169 

time by comparing the top-down (model-based) and bottom-up (river-based) flux estimates with 170 

an estimate of the total CDR potential of added lime in the Mississippi catchment assuming 171 

stoichiometric reaction of added lime with soil CO2 (via carbonic acid; Eq.2). This approach yields 172 

a cumulative total CDR potential of lime addition amounting to ~500 MtCO2 between 1900-2020, 173 

suggesting that between 65 ± 11% (model) to 85 ± 21% (river flux data) of the carbon removal 174 

potential of added lime between 1900-2015 has been realized. This is likely a conservative 175 

estimate, given that a fraction of the dissolved inorganic carbon moving through the catchment 176 

enters long-term storage in deeper groundwater34, likely removing carbon but bypassing our river 177 

accounting. For instance, recent estimates suggest that 16% of water fluxes go toward groundwater 178 

recharge in the continental US35 (and ~11% in the MRB). Nevertheless, we find multiple, 179 



consistent lines of support that agricultural liming has represented a large carbon removal flux over 180 

the last century, and that on a decadal scale it is a relatively efficient carbon removal process at 181 

the catchment scale. 182 

 183 

We can also use our timeseries and model data to evaluate the timescales over which carbon 184 

removal due to agricultural liming has unfolded relative to the time of lime application in the MRB. 185 

It is well-known that base cations released into soils (e.g., Ca2+ from dissolving limestone or 186 

silicates) can become bound to cation exchange sites within the soil, resulting in a time lag between 187 

cation input to the system and cation export36–38. Because it is the charge balance with base cations 188 

that is ultimately responsible for HCO3
- formation and export from soil systems, any lag in cation 189 

transport will also result in a lag in carbon removal. Model results suggest that this time lag can 190 

vary considerably depending on soil properties and land use practices39. Our results indicate a 191 

broadly constant carbon removal lag in the Mississippi catchment of 15-30 years from the time of 192 

lime application (after 1935; Figure 3b). Reactive transport model results suggest that liming was 193 

a CO2 source for the first 15 years after the initial increase in liming rates due to the release of 194 

exchangeable acidity in the soil, again highlighting the impact of cation exchange processes on 195 

CO2 emissions and alkalinity export (supplement S1; Figure S9). It takes another ~15 years for 196 

this initial CO2 pulse to be fully compensated, with model results indicating that in the MRB liming 197 

became CO2 removing after ~30 years. These timescales are likely to vary as a function of soil 198 

conditions and agronomic practice, indicating the potential to improve the agronomic and climate 199 

impacts of liming through optimized deployment strategies and policy incentives. River based 200 

estimates show signs of less pronounced time lag in alkalinity export after the ramp up of liming 201 

(Figure 3b), either due to particularly high river discharge in the 1940s or potentially suggesting 202 

the importance of regions of preferential flow in many soils.  203 

 204 

 205 

Implications for agricultural policy and carbon removal 206 

Much of the Mississippi catchment, like many agricultural regions, is below optimal soil pH 207 

values40,41. This implies that croplands are not optimized for nutrient use/retention or for yields. 208 



Given that liming is widely accepted as a standard agronomic practice, funding and financing are 209 

likely a substantial factor contributing to the gap between ideal and realized soil pH values. 210 

Evidence that agricultural liming leads to durable carbon dioxide removal at the catchment scale 211 

— rather than being a CO2 source — suggests that efforts to fund and incentivize management of 212 

soil pH through agricultural liming could both have positive agronomic impacts and reduce large-213 

scale agricultural greenhouse gas emissions. This analysis also provides an impetus to focus on 214 

catchment-scale and jurisdiction-level monitoring of alkalinity fluxes as a means of robustly 215 

quantifying the enhanced weathering effects of adding carbonates and silicates to soils to modify 216 

pH values. However, if the aim of liming is to maximize carbon removal, care should be taken 217 

regarding the timescale it takes for liming to become CO2-removing. However, our analysis 218 

suggests that agricultural liming as an agronomically beneficial mechanism of carbon removal that 219 

should be explored in croplands worldwide.  220 

 221 
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Figures 245 

 246 

Figure 1: Timeseries domain for the Mississippi River Basin (MRB). Shown in (a) is the region 247 

considered in our timeseries analysis, with soil pH values for areas with >10% cropland shown for 248 

context. Shown in (b) is a regional map of the USGS river gauging stations used in this study to 249 

construct downstream timeseries of riverine fluxes (see Figure S1). 250 

  251 



 252 

Figure 2: Reconstructed timeseries data for US-wide1,3 and Mississippi catchment lime application 253 

rates (a), annual fertilizer application rates31 and nitrogen use efficiency (NUE42) (b), atmospheric 254 

SO2 and NOx deposition fluxes25–30 (c), and combined acid-base budget (d) for the MRB. NUE 255 

values prior to start of timeseries data in (b) are assumed constant. All uncertainties shown 256 

correspond to 1 standard deviation. Uncertainty on cumulative excess acidity is based on Monte 257 

Carlo simulations assuming a minimum uncertainty of 10%. 258 
a West & McBride (2007) and EPA (2022) 1,3  b U.S. Bureau of Census (1956-1989) 2  c Cao et al. (2017)31   d Zhang et al. (2015)42 259 
e based on data from Turner (2021) and U.S. Bureau of Census (2003) 28–30 as well as combined model and observation data for 260 
atmospheric deposition25–27  261 

 262 



 263 
Figure 3: Comparison of agricultural CO2 budgets estimated based on reactive transport modeling 264 

and river gauging data. Shown in (a) are CO2 emissions based on our reactive transport model 265 

driven by the timeseries data for anthropogenic acidity flux with (blue-solid) and without (blue-266 

dashed) agricultural liming. Also shown for comparison are estimated CO2 emissions using the 267 

IPCC (red-dashed) and US-GHG (yellow-dotted) frameworks for estimating lime-derived CO2 268 

fluxes. Shown in (b) are estimates of cumulative carbon dioxide removal (CDR) based on complete 269 

reaction with soil CO2 (red-solid), CO2 captured relative to the no-lime counterfactual in the 270 

reactive transport model (blue-dash-dotted), and bicarbonate excess in river data for the 271 

Mississippi catchment (purple-dashed). 272 

  273 



Online Methods 274 

In this project we combine long timeseries of cation and bicarbonate concentrations in the 275 

Mississippi River watershed with records of lime and acidity addition to re-visit the question 276 

whether liming in the Mississippi watershed is CO2 sink or source1,33 and argue that emissions 277 

should be attributed to acidity additions rather than liming itself and attempt to estimate 278 

agricultural CO2 budgets based on this assumption.  279 

 280 

To compile these data, riverine concentrations and fluxes are estimated by combining long 281 

timeseries of Ca and Mg concentrations from 5 USGS stations in the Lower Mississippi River43, 282 

and of previously published records of discharge and alkalinity 22,23. Using the approach outlined 283 

in Hamilton et al. (2007)33, we quantify the fraction of carbonate weathering that occurs because 284 

of reactions with strong (i.e., non-carbonic) acid based on the concentrations of Ca, Mg, and 285 

bicarbonate. For the part of the time series where cation data is lacking (1901-1953), the strong 286 

acid fraction is estimated by modulating the linear interpolation with changes in acidity pollution 287 

considering oxidation of fertilizer, and NOx and SO2 emissions as sources of acidity. Given the 288 

strong correlation of SO2 emissions with coal production before 1955 (Figure S10), by modulating 289 

the trend with SO2 we assume to also capture changes in acid mine drainage from coal mining. 290 

Estimates of the former are based on data on fertilizer addition31 and nitrogen use efficiency42, 291 

while atmospheric acidity pollution relies on emission28–30 as well as atmospheric deposition data 292 

25–27. Based on reactive transport model derived 39,44,45 estimates of the fraction of acidity reacting 293 

with bicarbonate to produce CO2, we further compare how different approaches of attributing CO2 294 

emissions deriving from the reaction of strong acids with bicarbonate or lime translate into 295 

agricultural CO2 budgets. In this section we are giving detailed information on how the parameters 296 

presented in this study are derived and calculated.  297 

 298 

 299 

Annual average riverine concentrations in the Lower Mississippi 300 

The MRB data analyzed here build upon concentration measurements from 5 USGS 301 

stations43 (Figure 1, Figure S1) spanning 7 decades, as well as published data from the early 302 



1900s46,47 and long timeseries of Mississippi discharge and total alkalinity titrations (assumed to 303 

be equivalent with HCO3
- concentrations)22,23. All data compiled in this study as well as calculated 304 

results are available in the data supplement. 305 

 306 

Annual flow weighted average concentrations for Ca (combining USGS parameters 00915 307 

and 00916), Mg (00925 and 00927), SO4
2- (00945) and NO3

-+NO2
- (00631) were calculated 308 

based on the data of from the following stations (see Figure 1): 309 

o Mississippi River at Vicksburg, MS – station 07289000  310 

o Mississippi River at St. Francisville, LA – station 07373420 311 

o Mississippi River at Baton Rouge, LA – station 07374000 312 

o Mississippi River at Plaquemine, LA – station 07374120 313 

o Mississippi River at Belle Chasse, LA – station 07374525 314 

Due to their similar watersheds and to maximize the amount of data per year and month, data from 315 

these 5 stations were combined and monthly average concentrations were calculated. Using 316 

monthly discharge data22, annual flow weighted averages were calculated. The uncertainties from 317 

monthly averages were propagated assuming a 10% uncertainty on monthly discharge and the 318 

calculated standard deviation on monthly average concentrations. Uncertainties on both monthly 319 

average and annual flow weighted average concentrations were set to be 5% when propagated 320 

uncertainties were lower. Annual fluxes were calculated by combining annual flow weighted 321 

average concentrations with annual water discharge22,23. Uncertainties were propagated assuming 322 

10% uncertainty on annual discharge. The calculated annual average concentrations are shown in 323 

Figure S1 and briefly discussed in Supplement S1. 324 

 325 

 To estimate the increase of riverine bicarbonate fluxes compared to the pre-lime baseline 326 

period, we calculate the average pre-1935 bicarbonate concentrations (baseline) and the excess 327 

over this baseline for the post 1934 period. Uncertainties on the baseline value, excess riverine 328 

bicarbonate fluxes as well as their cumulative value are propagated using Monte Carlo simulations. 329 

Estimates of excess riverine bicarbonate fluxes in terms of lime CDR are calculated based on the 330 

assumption that the excess flux is caused by dissolution of lime, half of the related C stems from 331 

the atmosphere and half from lime minerals. Riverine transported lime-CDR is hence estimated by 332 

converting 50% of excess (molar) bicarbonate fluxes into metric tons of CO2.  333 



 334 

Fraction strong acid weathering  335 

 Our approach to quantify the fraction of lime dissolved as a result of reaction with strong 336 

acids rather than carbonic acid builds upon the classic approach of comparing water Ca and Mg 337 

concentrations (in meq/L) with water HCO3
- concentrations (in meq/L) as developed by Hamilton 338 

et al. (2007)33 – see also Figure 4. Historically, this approach was applied to tile drainage and 339 

stream water33. Here, we assume that this framework also applies to the Mississippi watershed for 340 

three reasons. First, ~58% of the catchment is covered with croplands48 and overall riverine 341 

processes are heavily impacted by agriculture1,20–24, facilitating the emergence of an agricultural 342 

liming signal. Second, weathering fluxes in the Mississippi catchment are generally dominated by 343 

carbonate weathering49, such that this framework would be expected to reflect carbonate 344 

weathering dynamics also on the catchment scale. 345 

 346 

 347 

Figure 4: Sketch of the quantification of the fraction strong acid weathering (fstrong acid) from Ca, Mg, and HCO3
- concentrations. 348 

 349 

Essentially, lime dissolution by carbonic acid releases Ca+Mg and HCO3
- at a 1:1 ratio (in meq/L). 350 

If strong acids are present and react with lime, this releases cations without generating HCO3
-. 351 

Stoichiometrically, this is equivalent with dissolution via carbonic acid, and subsequent loss of 352 



HCO3
- due to reaction with protons are charge balanced by strong acids. Hence, we quantify the 353 

fraction strong acid ௦݂௧௥௢௡௚ ௔௖௜ௗ weathering as a unitless ratio: 354 

 355 

௦݂௧௥௢௡௚ ௔௖௜ௗ[] = [஼௔+ெ௚]ೞ೟ೝ೚೙೒ ೌ೎೔೏[஼௔+ெ௚]ೞ೟ೝ೚೙೒ ೌ೎೔೏+[஼௔+ெ௚]೎ೌೝ್೚೙೔೎ ೌ೎೔೏         (eq. 3) 356 

 357 

Where [ܽܥ + ௦௧௥௢௡௚ ௔௖௜ௗ[݃ܯ  and [ܽܥ + ௖௔௥௕௢௡௜௖ ௔௖௜ௗ[݃ܯ  are the concentrations of Ca+Mg (in 358 

meq/L) released by the reaction of lime with strong acids and carbonic acid, respectively. The sum 359 

of these two simply is the concentration (in meq/L) of Ca+Mg in water.  360 

ܽܥ] 361  + [݃ܯ = ܽܥ]  + ௦௧௥௢௡௚ ௔௖௜ௗ[݃ܯ + ܽܥ]  +  ௖௔௥௕௢௡௜௖ ௔௖௜ௗ      (eq. 4) 362[݃ܯ

 363 

Because the concentration of HCO3
- is equivalent to the cations released from carbonic acid 364 

weathering (on a charge balance basis) we can rewrite this equation and solve for 365 [ܽܥ +  ௦௧௥௢௡௚ ௔௖௜ௗ: 366[݃ܯ

ܽܥ] 367  + [݃ܯ = ܽܥ]  + ௦௧௥௢௡௚ ௔௖௜ௗ[݃ܯ + ܽܥ]  368 (eq. 5)        [−3ܱܥܪ] + ௦௧௥௢௡௚ ௔௖௜ௗ[݃ܯ = ܽܥ]  + [݃ܯ −  369 (eq. 6)        [−3ܱܥܪ] 

 370 

Substituting equations 4 and 6 into 3, we can calculate the fraction strong acid weathering as a 371 

function of measured quantities: 372 

 373 

௦݂௧௥௢௡௚ ௔௖௜ௗ = [஼௔+ெ௚]−[ு஼ை3−][஼௔+ெ௚]            (eq. 7) 374 

 375 

We calculate ௦݂௧௥௢௡௚ ௔௖௜ௗ for the period where data is available: for all years after 1954 and 376 

for 1900 based on alkalinity data for 190022,23 and cation concentrations for 190147, assuming these 377 

data can be grouped to calculate one valid data point for 1900 based on the data of two years. To 378 

constrain processes in the period 1901-1953, we estimate how ௦݂௧௥௢௡௚ ௔௖௜ௗ developed based on the 379 

interpolation between the years 1900 and 1953 as well as changes in acidity generating processes 380 

in that period. The two acidity generating processes considered are the oxidation of fertilizer and 381 

environmental pollution with sulfuric and nitric acid (see relevant sections below for more detail). 382 



The two signals used to modulate the linear interpolation are the annual acidity generation from 383 

fertilizer oxidation and the annual acidity generation from SO2 and NOx emissions (Figure 2d). 384 

To modulate the ௦݂௧௥௢௡௚ ௔௖௜ௗ  interpolation, we linearly interpolate for the summed acidity 385 

generation of both processes. For each year we calculate a modulation factor which is the ratio 386 

between the actual data for that year and the linear interpolation. The signal is primarily dominated 387 

by atmospheric acid pollution, consistent with low fertilizer addition rates prior to that year 388 

(Figure 2b).  389 

  390 

 In addition to calculating ௦݂௧௥௢௡௚ ௔௖௜ௗ , this approach also allows calculating the cations 391 

released by strong acid weathering, irrespective if initial weathering occurred due to reaction with 392 

carbonic acid and subsequent reaction of bicarbonate with protons from strong acids (equation 7). 393 

 394 

Rather than using ௦݂௧௥௢௡௚ ௔௖௜ௗ, Hamilton et al. (2007)33 discuss lime dissolution processes 395 

in terms of “CO2-C sink strength”:  396 

2ܱܥ 397  − (%) ℎݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ = ([ு஼ை3−]−0.5[஼௔+ெ௚])0.5[஼௔+ெ௚] ∗ 100       (eq. 8) 398 

 399 

The two terms are related in that a ௦݂௧௥௢௡௚ ௔௖௜ௗ  value of 0.5 corresponds to a 2ܱܥ ℎݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ 400−  of 0%, and ௦݂௧௥௢௡௚ ௔௖௜ௗ  values below 0.5 correspond to negative 2ܱܥ ℎݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ 401−  values (with ௦݂௧௥௢௡௚ ௔௖௜ௗ 2ܱܥ = (0)  − ℎݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ (-100%)) and 402 

௦݂௧௥௢௡௚ ௔௖௜ௗ  values above 0.5 correspond to positive 2ܱܥ − ℎݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ  values (with 403 

௦݂௧௥௢௡௚ ௔௖௜ௗ (1) = 2ܱܥ −  ℎ(100%)). Hence, all data pairs that fall to the left of the 404ݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ

line with the slope 2 are considered CO2 sources and all data points to the right CO2 sinks. This is 405 

because the assumption is that on timescales shorter than that of carbonate precipitation in the 406 

oceans, half of the carbon in the HCO3
- released via the reaction of lime with carbonic acid derives 407 

from the atmosphere and that this can be considered a CO2 sink. Hence, if less than half of HCO3
- 408 

is lost due to reaction with strong acids and subsequent degassing ( ௦݂௧௥௢௡௚ ௔௖௜ௗ  ℎ of 0-100%), this process constitutes a CO2 sink on this timeframe. If more than 410ݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥ 409 ,0.5 > 

half of the bicarbonate reacts with strong acids to produce CO2, lime dissolution is an overall CO2 411 

source ( ௦݂௧௥௢௡௚ ௔௖௜ௗ > 0.5, ݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥℎ of -100-0%). 412 



 413 

How ௦݂௧௥௢௡௚ ௔௖௜ௗ and ݐ݃݊݁ݎݐݏ ݇݊݅ݏ ܥℎ evolve through time based on the records compiled here is 414 

presented Figure S2 in and discussed in supplement S1. Cumulatively, river data indicates that 415 

driven by reductions in strong acid input, the MRB has become a stronger CO2 sink. 416 

 417 

 418 

Liming data and uncertainties 419 

To estimate lime application in the Mississippi watershed, we combine US-wide liming 420 

data1,3 from 1900-2020 with county level data2 from 1954-1987 to estimate lime addition to the 421 

Mississippi watershed for the whole period. Lime application in the Mississippi watershed is 422 

calculated for the years 1954, 1959, 1964, 1969, 1974, 1978, 1982, 1987 by summing application 423 

data for all counties contained within the Mississippi watershed from county level data 2. For 424 

counties that are partially within the watershed, the total amount applied is scaled down by the 425 

area of the county contained within the Mississippi watershed. Between the years where county 426 

level data is available, county level data is interpolated, and the interpolation is modulated with 427 

the signal of the US-wide data1,3. Unfortunately, no county level liming data is available outside 428 

the period 1954-1987. After 1987, lime application was grouped with fertilizer in Census reports. 429 

Because this sum is reported in mass and different types of fertilizer have different nitrogen to 430 

mass ratios, deconvolving the reported sum into its constituents lime and fertilizer application is 431 

non-trivial and not attempted here. Outside this period, we estimate Mississippi wide lime 432 

application by scaling the US wide application data down assuming the fraction of lime applied 433 

within the Mississippi watershed remained constant (constant at 1954 proportion before 1954 and 434 

constant at 1987 proportion after 1987). To account for the fact that moving away from the 1954-435 

1987 period the data is less constrained with county level deployment data, we increase the 436 

assumed uncertainty on Mississippi lime application rates: it is set to 10% for 1954-1987, and 437 

increases by 1.5 % for each year moving away from this period, resulting in a ~22% uncertainty 438 

in 1900 and ~16% uncertainty in 2020 (Figure 1a).  439 

 440 



Mass application rates were converted to molar amounts by taking into account relative 441 

contributions of “quicklime and hydrated lime” and “crushed limestone and dolomite”, while 442 

assuming the latter is composed of 20% dolomite and 80% limestone1.  443 

 444 

 445 

Acidity generation from fertilizer oxidation  446 

This study assesses the release of fertilizer as well as NOx and SO2 emissions derived 447 

acidity for three primary reasons. First, to estimate the fraction of strong acid weathering for the 448 

part of the record where cation data is lacking. Second, to assess to what extent liming as balances 449 

the addition of acidity in the Mississippi Catchment. And third, to relate acidity generation to 450 

related CO2 emissions in the context of attributing emissions deriving from the reaction of 451 

lime/bicarbonate with strong acids to lime application or acidity addition. The acid sources 452 

considered are the oxidation of nitrogen fertilizer as well as NOx and SO2 pollution. 453 

 454 

Nitrogen can be supplied to fields in either reduced or oxidized form, and once added these 455 

compounds react in various ways as part of the natural N cycle, with some of these processes acting 456 

as a net source of acidity to the agricultural system. To assess related elemental and acidity fluxes 457 

on the Mississippi catchment scale, here we adopt a simplified conceptual model of the N cycle 458 

(Figure S11), which nevertheless is consistent with previous work that has assessed the impact of 459 

modifying soil acid-base balances via enhanced rock weathering50. This analysis is based on 460 

several assumptions: 461 

1. Assuming that, due to fast nitrification reactions51,52, ammonia (NH4) is nitrified to 462 

NO3
- before it is taken up by plants, N added via fertilizer produces 1 mol H+ per 463 

mol of N. Fertilizers usually contain a significant amount of NH4 producing 464 

substances31, such as Urea or anhydrous ammonia (NH3). The reaction of these to 465 

NH4 consumes 1 mol H+ per mol of N. Subsequently, in a process called 466 

nitrification, NH4 is oxidized in a two-step reaction to nitrite (NO2
-, by 467 

Nitrosomonas bacteria), and then to nitrate (NO3
., by Nitrobacter bacteria), 468 

releasing 2 mol of H+ per mol ammonia, such that overall 1 mol H+ is produced per 469 



mol N added (NO3
-). This is also true for fertilizer added as ammonium nitrate 470 

(NH4NO3), where the nitrification of ammonia releases 2 H+ (for two N).  471 

2. Only the nitrate that remains in solution and is ultimately leached from soils 472 

remains charge balanced by H+, while the rest of the reactions including plant 473 

uptake and denitrification consumes the initial acidity (Figure S11). 474 

Hence, the acidity produced from fertilizer addition is calculated from the molar amount of N 475 

added after taking into account the fraction of N taken up by plants as well as 476 

denitrification/degassing: 477 

[ݎݕ/+ܪ ݈݋݉] ݊݋݅ݐܿݑ݀݋ݎ݌ ݕݐ݅݀݅ܿܽ ݎ݁ݖ݈݅݅ݐݎ݂݁ 478  = ௙௘௥௧௜௟௜௭௘௥ ே ௔௣௣௟௜௖௔௧௜௢௡ [௚/௬௥] ெಿ ∗ (1 − (ܧܷܰ ∗ ே݂ை3−,௟௘௔௖ℎ௘ௗ    (eq. 9) 479 

 480 

where ݂݁݊݋݅ݐ݈ܽܿ݅݌݌ܽ ݎ݁ݖ݈݅݅ݐݎ  is the annual nitrogen fertilizer addition flux (g N/yr), ܯே  the 481 

molar mass of N (g/mol), ܷܰܧ  is the nitrogen use efficiency (dimensionless; 1 - ܷܰܧ  as to 482 

quantify the fraction lost rather than used), and ே݂ை3−,௟௘௔௖ℎ௘ௗ is the fraction of the remaining N (i.e., 483 

the N not taken up by plants) that is leached and not lost to the atmosphere.  484 

 485 

The primary data used for this analysis is spatially explicit nitrogen fertilizer addition 486 

timeseries data31. For each year from 1900 to 2015, the average nitrogen fertilizer addition for the 487 

Mississippi catchment was calculated using ArcGIS (i.e., clipping the Mississippi catchment area 488 

and calculating the average value) and transferred into a mass flux based on the Mississippi 489 

catchment area. These data are model-based, but compare well with other estimates of nitrogen 490 

fertilizer addition31,53,54. Assumed uncertainties on the nitrogen fertilizer application rates are 10% 491 

for every year. Nitrogen use efficiency for the time series is based on published data from 1961-492 

201242 and assuming NUE were constant at the 1961-1965 average value before 1965. Due to low 493 

nitrogen fertilizer use before 1960, the impact of this parameter on the propagated overall 494 

cumulative acidity production in the period before 1960 is low. Uncertainty on NUE was assumed 495 

to be 10% after 1960 and 20% before 1960. Based on a global analysis, we assume that on average, 496 

80% of the nitrate not taken up by plants is ultimately leached and remains charge balanced by H+ 497 

(i.e., ே݂ை3−,௟௘௔௖ℎ௘ௗ)55, and assume and propagate an uncertainty of 20% on this process to reflect 498 

the natural uncertainty and variability of related processes. 499 

 500 



 501 

Atmospheric acidity pollution 502 

Because it is not trivial to relate (changes in) riverine SO4
2- and NO3

- fluxes to acid 503 

pollution, we attempt to quantify these processes “top down”, similarly to the quantification of 504 

acidity production from fertilizer. Similarly, although data for coal production56, impacts of acid 505 

mine drainage on river chemistry57, etc., exist, it is difficult to convert them into acidity production 506 

fluxes. Hence, here we estimate sulfuric and nitric acid additions to the MRB based on emission 507 

data28–30. For sulfuric acid pollution, we are assuming that the oxidation of 1 mol of SO2 produces 508 

2 mol H+, and that similarly to NO3
-, plant uptake consumes acidity through charge balance: 509 

[ݎݕ/+ܪ ݈݋݉] ݊݋݅ݐݑ݈݈݋݌ ݀݅ܿܽ ܿ݅ݎݑ݂݈ݑݏ 510  = [ݎݕ/݈݋݉]ݏ݊݋݅ݏݏ݅݉݁ 2ܱܵ ∗ ௌ݂ை2−ெ௜௦௦௜௦௦௜௣௣௜ ∗ 2 ∗ ݂ௌை42−,௟௘௔௖ℎ௘ௗ   (eq. 10) 511 

 512 

where ௌ݂ை2−ெ௜௦௦௜௦௦௜௣௣௜  is the fraction of US wide SO2 pollution occurring within Mississippi 513 

catchment and was calculated (Figure S12) based on “Total Deposition Science Committee” TDep 514 

data which integrates observations of atmospheric concentrations (CASTNET, NTN, MDN) with 515 

an atmospheric model (CMAQ) to estimate deposition of numerous pollutants within the US25–27. 516 

The fraction was calculated for the years 2000-2021 where data is available, and the average of 517 

these years (0.430 ± 0.023) is used for the earlier part of the time series (1900-1999) assuming that 518 

this fraction has remained constant. The fraction is calculated based on TDep parameter so2_dw 519 

(dry deposition of SO2), but the result using s_tw (dry + wet deposition of S compounds) is the 520 

same within error (0.429 ± 0.017). These values are also similar compared to the area fraction of 521 

the contiguous US that is within the Mississippi catchment: 41%19. Although the calculated 522 

uncertainty is lower, we assume an uncertainty of 10% on ௌ݂ை2−ெ௜௦௦௜௦௦௜௣௣௜ for the pre-2000 data, 523 

as do we assume an uncertainty of 10% on SO2 emission data and propagate the uncertainties on 524 

the production of sulfuric acid as a result of SO2 pollution. Sulfate leaching in soils is highly 525 

variable and depends on a whole range of factors58–60, hence assuming a static value here (as for 526 

the other parameters) necessarily represents a first order estimation. Based on experimental data 527 

using sulfate fertilizer, here we use a leaching rate of 72%59, assuming that this fraction remains 528 

charge balanced by H+. We propagate an uncertainty of 20% on this estimate to reflect natural 529 

variability and the uncertainty on the catchment-level average. 530 



 531 

Parameterizing environmental pollution with sulfuric acid in terms of SO2 emissions means 532 

assuming that atmospheric deposition of SO2/SO4
2- is the primary source of sulfuric acid pollution 533 

rather than direct runoff from acid mine drainage. Although catchments that are highly impacted 534 

by coal mining likely see more pollution from direct runoff 57, on the scale of the whole Mississippi 535 

catchment, where most areas are not affected by coal mining, this assumption is likely valid to a 536 

first degree. Generally, as SO2 emissions are primarily derived from coal burning61,62, in the early 537 

part of the record before that is relevant for the interpolation of fstrong acid, trends in SO2 emissions 538 

should also capture dynamics in coal mining and therefore acid mine drainage (Figure S10). 539 

 540 

Acidity addition from NOx pollution is based on emissions data 3,29 which is transferred 541 

from a mass to a molar flux using a NO fraction of 0.050 based on Nitrogen Dioxide/Nitrogen 542 

Oxide In-Stack Ratio (ISR) Database63 (i.e., assuming that NOx is composed to 5% out of NO and 543 

95% NO2). As for SO2, deposition occurring in the Mississippi catchment was calculated (Figure 544 

S12) based on TDep data 25–27 for the years with data and assumed to be constant before this period. 545 

One NOx-N is assumed to produce one NO3
- charge balanced by H+, and the fraction that remains 546 

charge balances is propagated through the simplified N cycle as done for fertilizer (equation 9).  547 

 548 

The way we calculate acidity addition is designed to yield a first order estimate, 549 

representative at the catchment scale. Clearly there is a lot of variability in related processes, 550 

particularly the fractions of N and S that are taken up by plants vs. leached – but overall we take 551 

this into account by using conservative, generous estimates of uncertainty on all parameters used 552 

as inputs in this study. 553 

 554 

 555 

Assessing the fate of acidity using the reactive transport model SCEPTER  556 

Translating acidity addition to agricultural fields into related CO2 emissions requires 557 

estimating what fraction of protons reacts with bicarbonate to produce carbonic acid which may 558 

ultimately degas as CO2, and what fraction exchanges with base cations on cation exchange sites. 559 

For this we utilize the reactive transport model SCEPTER39,44,45, which has recently been used to 560 



track the lag times associated with alkalinity additions in the soils of the US39. We assess the 561 

impact of lime on CO2 emissions from acid neutralization reactions (and reductions thereof) by 562 

comparing SCEPTER simulations with acidity and alkalinity inputs to the counterfactual scenario 563 

in the absence of lime addition: acidity addition only. 564 

 565 

SPECTER is spun up for 1°x1°C grid cells for the US where cropland constitutes at least 566 

10% of areal extent 64 considering a soil depth of 0.5m. The initial and spin-up boundary conditions 567 

for the reactive transport code are based on a variety of gridded data products, including 568 

runoff/infiltration35, mean annual air temperature65, aboveground net primary productivity 569 

(NPP)66, soil organic matter (SOM)67, topsoil pH67, soil cation exchange capacity (CEC)68, and 570 

soil base saturation67. SCEPTER is initialized by tuning four key parameters: 571 

1. a reference soil cation exchange coefficient (KH/Na)
64 572 

2. dissolved Ca2+ concentration at the upper boundary 573 

3. input of soil organic carbon (Jorg) 574 

4. soil organic carbon (SOC) turnover time (τorg). 575 

These parameters are adjusted to reproduce four site-specific observational parameters: soil pH, 576 

soil base saturation, soil organic carbon content, and soil pCO2, which is estimated from soil 577 

temperature and net primary productivity69. The model is forced by other boundary conditions, 578 

such as runoff and air temperature. Before start of the simulations, the model is spun up for 105 yr 579 

to ensure processes are initially at steady state. 580 

 581 

For the experiments conducted here, the quantities of acid forming pollution and fertilizer 582 

(i.e., the fluxes assumed to remain charge balanced by protons in contrast to acidity neutral 583 

pathways; Figure S11) are fed into the model as H2SO4 for SO2 pollution, and as NH4NO3 for 584 

HNO3 production from fertilizer and NOx pollution (based on equations 9 and 10, converted to 585 

mg/m2/yr). Lime alkalinity is introduced into the model as 80% of calcite and 20% of dolomite1. 586 

These fluxes are modulated to reflect the evolution of alkalinity and acidity addition to the 587 

Mississippi catchment, with atmospheric acidity pollution being normalized to the catchment area 588 

of the whole catchment and lime and fertilizer addition to the agricultural area assuming that the 589 

catchment is covered to 58% by agricultural land48 to yield input fluxes representative of the 590 

Mississippi average (Figure S7). The counterfactual scenario model runs (i.e., what would 591 



emissions have looked like without the addition of lime) consider only the abovementioned acidity 592 

inputs. 593 

 594 

The model is run for 116 years (assumed to correspond to the years 1900-2015), and the 595 

fractions of H+ that exchange with base cations on exchangeable sites (fH,exch) as well as that react 596 

with bicarbonate to produce CO2 are calculated for each grid cell. The latter quantity is calculated 597 

using two approaches. First, based on mass balance, assuming that the amount of H+ that for a 598 

given timestep neither enters the exchangeable pool, nor advects out of the soil column, nor is in 599 

soil pore waters reacts with bicarbonate (ܪ௥௫௡): 600 

௥௫௡ܪ 601  = ௗ௜௦௦ܪ  − ௘௫௖ℎܪ)   + ௔ௗ௩ܪ   +  ௘௫௖ℎ) (9) 602ܪ 

 603 

Where ܪௗ௜௦௦ is the acidity of dissolved substances after initial reaction of lime with protons to 604 

produce bicarbonate and dissolved cations (see supplement S3 for more detail). The second 605 

approach is to calculate the fraction from the flux of CO2 diffusing to the atmosphere (ܪௗ௜௙௙), with 606 

both approaches leading to consistent results (<5% difference). These fluxes are normalized to the 607 

input of acidity at each timestep to give the fraction of H+ that reacts with bicarbonate to produce 608 

CO2 (fH,rxn, fH,diff). These fractions are calculated for each grid cell for each immediate timestep as 609 

well as the cumulative average since beginning of the experiments. Finally, consistent with 610 

utilizing Mississippi scale average inputs, we calculate the average of these fractions for the whole 611 

Mississippi catchment to facilitate the assessment of average acid-base processes on the catchment 612 

scale. This average fraction of acidity reacting with bicarbonate (fH,rxn) is multiplied with the gross 613 

(or legacy) CO2 emission potential of the added acidity (assuming 1 proton causes degassing of 1 614 

CO2 molecule) to calculate the flux that is realized on the short term. 615 

 616 

More detail on SCEPTER can be found elsewhere39,44,45, and additional analysis of model set up 617 

and output is included in the supplementary material. 618 

  619 
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S1 River chemistry records and extended discussion 841 

 842 

In combination with published riverine alkalinity concentrations and water fluxes within the 843 

MRB22,23, the data compiled here (Figure S1) can be used to investigate strong acid weathering. 844 

It is possible to assess the extent to which strong acids are involved in the dissolution of lime33 by 845 

comparing the concentrations of Ca2+ and Mg2+ to HCO3
- (in meq/L; Figure S2a, see also online 846 

methods including Figure 4). If Ca+Mg concentrations were the same as HCO3
-, all lime 847 

dissolution would occur due to reaction with carbonic acid33. Typically, HCO3
- concentrations are 848 

lower, with the difference representing either loss of bicarbonate because of reaction with strong 849 

acids (equation 12), or dissolution of lime with strong acids which produces Ca+Mg but not HCO3
- 850 

(equation 13). The difference between these concentrations may be used to estimate the fraction 851 

of lime dissolution that has occurred because of strong acid weathering (fstrong acid) as well as the 852 

CO2-sink strength. Both measures are related, with the latter expressing the CDR impact of lime 853 

relative to the amount of carbon the lime itself contains (see online methods).  854 

 855 

Usually, this approach is applied to tile drainage and stream water33. Here, we assume that this 856 

framework also applies to the Mississippi watershed for three reasons. First, ~58% of the 857 

catchment is covered with croplands48. Hence, overall riverine processes are heavily impacted by 858 

agriculture 1,20–24, facilitating the emergence of an agricultural liming signal. Second, although on 859 

catchment scale not only carbonate but also silicate and evaporite weathering clearly impact 860 

dissolved loads, including K and Na in the analysis (reflecting these lithologies) does not impact 861 

the observed trend in cation vs. HCO3
- space (compare Figure S2a and Figure S6a). Third, 862 

weathering fluxes in the Mississippi catchment are generally dominated by carbonate 863 

weathering49, such that this framework would be expected to reflect carbonate weathering 864 

dynamics also on the catchment scale. 865 

 866 

The reactions of strong acids with lime and bicarbonate (equations 11-13) can be visualized as 867 

vectors (vectors labeled 1-3 in Figure S2a), which allows us to qualitatively assess how the relative 868 

importance of the different reaction pathways has changed through time in the Mississippi 869 

watershed.  870 

 871 



 872 

Figure S1: Average annual concentration of Ca (a), Mg (b), SO4
2- (c), NO3

- + NO2
- (d), HCO3

- (e), and water discharge in the 873 
Lower Mississippi River. Calcium concentrations (a) show large interannual variability with no discernible trend (although 874 
discharge increases (f), suggesting an increase in annual fluxes. Magnesium concentrations (b) increase during the instrumental 875 
record while SO4

2- concentrations (c) decrease. For the gaps in the record, SO4
2- concentrations are interpolated and modulated 876 

by SO2 emissions, suggesting increased concentrations in the 40s, while, bounded by data from 190147  and 1905 46, concentrations 877 
were low at the beginning of the 20th century. Nitrate and nitrite concentrations have a high variability with no discernible trend 878 
(d). Bicarbonate concentrations 22 increase after 1980 (e), similarly to discharge (f) though the discharge signal has a lower signal 879 
to noise ratio. Average flow-weighted concentrations in (a)-(d) are calculated from 5 USGS stations43 in the Lower Mississippi 880 
(see Figure 1 for locations), the data for each station and the average are shown, with marker size being proportional to the 881 
number months with data within a year, and the color corresponding to the datapoints within a given year. Uncertainties in a-d 882 
are propagated assuming 5% uncertainty on concentration measurements and 10% uncertainty on discharge. When propagated 883 
uncertainties were below 5%, a minimum of 5% was assumed for flow weighted uncertainties. Bicarbonate concentrations (e) are 884 
derived from total alkalinity titrations, assuming that the majority of alkalinity is derived from HCO3

-, and originate from the 885 
Sewage and Water Board of New Orleans22,23. Estimates of annual Mississippi discharge are derived from long records of 84 886 
USGS sites and contain discharge diverted into the Atchafalaya River23. Uncertainties on HCO3

- and discharge are assumed to be 887 
10%. 888 
a Sewage and Water Board (New Orleans, LA) (1903)47 b (Dole, 1909)46 c Turner (2021)28 d based on data from Turner (2021) and 889 
U.S. Bureau of Census28–30 e Raymond & Hamilton, 201822 890 

 891 

Compared to the year 1900, changes in the composition of Mississippi River water suggest that 892 

the reaction of carbonate rock with strong acids (either through reaction 13 or 11+12) dominates 893 

the evolution of water chemistry up until ~1980. After 1980, the impact of strong acids has 894 



decreased while cation concentrations stay similar (reduction in equation 12), which also causes 895 

fstrong acid to decrease below 1900 levels after ~2000. Measured values for the fraction of strong acid 896 

weathering (fstrong acid) are between 30-40% (CO2-sink strength of 20-40%) between 1954 and 1990 897 

before they drop to ~20% (CO2-sink strength of 60-80%; Figure S2), indicating that carbonate 898 

weathering has been a CO2 sink throughout the whole period. In terms of CO2-sinks strength, the 899 

values are consistent with measurements from agricultural streams for the pre-1990 period33 before 900 

increasing to more pristine values, demonstrating evolution into a more CO2-removing regime.  901 

 902 

 903 

 904 

Figure S2: Panel a) shows how Ca+Mg and HCO3
- changed over time (corresponding to the marker color). The data from all 905 

years fall into the CO2 sink area as defined by [HCO3
-] > 0.5 * [Ca+Mg] (in meq)33. The vectors shown in the panel a refer to the 906 

effect that the reactions displayed in the bottom have in [Ca+Mg] vs. [HCO3
-] space, with -2 being the effective trend imposed by 907 

a reduction in the extent to which reaction 2 occurs. The trend observed over time is consistent with an increase in Ca+Mg 908 
concentrations being driven by reactions of lime with strong acid (equation 3), and a reduction of strong acid weathering (reduction 909 
of reaction 2) at equal lime dissolution rates. As a result, before ~1980, the CO2 sink strength was lower than in 1900, but has 910 
increased over 1900 levels since then (lower fstrong acid, panel b). Including K and Na in the analysis (reflecting silicate and evaporite 911 
weathering) does not impact the observed trend in cation vs. HCO3

- space (compare Figure S1). Panel b) shows the fstrong acid in 912 
the Lower Mississippi from 1900-2015. The fraction of strong acid for the post 1953 period is calculated based on the USGS cation 913 
data and published alkalinity/bicarbonate data22,23. Between 1901-1953, it is interpolated between measured data points in 1900 914 
and 1954 and modulated by changes in SO2 emissions28–30 and acidity production from fertilizer oxidation (see methods). The 915 
fraction of strong acid is highest during the interpolated period. During the period constrained by instrumental records, the fraction 916 
strong acid is 30-40% between1954 and the 90s, when it starts dropping to below 20% in the years 2007-2012. CO2-C sink 917 
strength33 (right y-axis panel b) essentially refers to the fraction of C in lime that is a CO2 sink (positive values) or CO2 source 918 
(negative values; see online methods).  919 

 920 

Driven by both a lower fraction of strong acid weathering and larger overall weathering fluxes, on 921 

timescales shorter than carbonate precipitation in the oceans (>10kyr70), carbonate weathering is 922 

today a stronger CO2 sink in the Mississippi river catchment than it was in 1900. The decrease in 923 



fstrong acid (and related increase in C-sink strength) is primarily driven by decreases in acidity input, 924 

which is consistent with the decreased acidity input after 1970 (Figure 2d), the evolution in cation 925 

vs. bicarbonate space (Figure S2a), and the fact that strong acid derived cation loads are correlated 926 

with riverine strong acid anions, with both decreasing over time (particularly SO4
2-; R2=0.52, 927 

Figure S3). At the same time, the increase in overall weathering flux is likely driven by the 928 

increase in catchment wide liming starting in the late 1930s as the increase in cation fluxes is 929 

consistent with the amount of cations contained in the lime added to the Mississippi watershed. 930 

Post-1953 Ca+Mg concentrations are ~21% higher than the 1900 value. The post-1939 lime 931 

addition corresponds to ~18 % riverine Ca+Mg fluxes over the same period (Figure S4).  932 

 933 

 934 

Figure S3: The flux of Ca+Mg driven by strong acid weathering (i.e., pseudo-cation flux * fstrong acid) has a high correlation with 935 
riverine SO4

2- fluxes (panel b), suggesting the observed changes may be driven by changes in sulfuric acid inputs. The correlation 936 
with NO3

-+NO2- is lower (R2 = 0.19, panel c), consistent with constant fertilizer oxidation at dropping fstrong acid. 937 

 938 

The decrease in strong acid addition and increase in liming also have combined effects. The 939 

negative correlation between bicarbonate fluxes and fstrong acid (Figure S5; R2 = 0.38 for the 940 

instrumental record) suggests that the increase in bicarbonate export (Figure S1e) may be, among 941 

other factors1,20–24,28,57,71,72, driven by reductions in CO2 degassing due to lower acidity inputs. 942 

Furthermore, although ultimately forced by acidity inputs, the decrease of fstrong acid is also impacted 943 

by lime addition simply because it increases both cation and bicarbonate fluxes, causing fstrong acid 944 



to decrease. Collectively these strands of river-chemistry-based evidence are consistent with the 945 

notion that acidity addition drives CO2 emissions, and that liming can be considered a CO2 sink. 946 

 947 

 948 

 949 
Figure S4: This figure compares riverine fluxes of Ca and Mg (blue) to the amount of Ca added in fields (orange), with the ratio 950 
of the latter to the former shown in yellow (right axis). The average post-1939 ratio is ~0.18. Note that the shown riverine Ca+Mg 951 
flux is a combination of the instrumental record (solid line) and an estimation based on riverine HCO3

- fluxes as well as the 952 
interpolated and modulated fstrong acid (dashed-dotted line): 953 

ܽܥ] + ௣௦௘௨ௗ௢[݃ܯ =  
1)[−3ܱܥܪ] − ௦݂௧௥௢௡௚ ௔௖௜ௗ) 

 963 

 964 
Essentially, this approach is equivalent with correcting measured HCO3

- concentrations to fall back on a 1:1 relationship between 954 
alkalinity generation and cation release from lime dissolution (on a charge basis). Graphically, this can be visualized by projecting 955 
HCO3

- concentrations onto the 1:1 line in Ca+Mg vs. HCO3
- space (Figure 4; Figure S2). These calculated “pseudo” cation 956 

concentrations are hence based on measured alkalinity and constraints on the fraction of lime that dissolves by reacting with strong 957 
acids. Given that they are based on the modulated fstrong acid, the data for this period has inherently larger scenario uncertainties 958 
based on the assumptions on the interpolation and modulation. In particular the large pulse in the 1940s is likely an artifact of the 959 
combined large river discharge (Figure S1f) as well as pulse in SO2 emissions which feeds into the modulation of fstrong acid. The 960 
analysis presented here (comparison of Ca+Mg fluxes), however, this does not have an impact on the estimated ratio of Ca+Mg 961 
fluxes in lime as well as riverine records; using just the data from the instrumental record yields the same average ratio (~0.18). 962 

 965 
 966 
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 968 

 969 
Figure S5: Riverine bicarbonate fluxes are negatively correlated with fstrong acid, which may indicate that at higher fstrong acid some of 970 
the HCO3

- is degassing as a result of reaction with H+ derived from strong acids. Data based on the instrumental record is for the 971 
year 1900 as well as post-1953, while the period in between is based on the interpolated and modulate estimate of fstrong acid, which 972 
modulates fstrong acid based on changes in acidity pollution in that time period. 973 

 974 

  975 



 976 

 977 
Figure S6: Panel (a) shows major cations vs. bicarbonate concentrations (in meq/L). Such plots but based only on Ca+Mg are 978 
commonly used to gauge the fraction of strong acid weathering or the carbon sink strength of lime dissolution33, which is shown 979 
in Figure S2. The version shown in panel (a) in addition also includes K+Na concentrations on the y-axis, demonstrating that the 980 
overall trends are equivalent in terms of an initial increase of cation concentrations followed by a recovery of HCO3

- concentrations 981 
due to decreases in acidity pollution (Figure S2a). Because the sum of Ca+Mg+Na+K is by definition higher than the sum of 982 
Ca+Mg, values are shifted to higher y-axis values, i.e., higher fstrong acid and lower carbon sink strength (it is a stronger relative C 983 
source compared to just using Ca+Mg). Panel (b) shows the fraction of Ca+Mg relative to Ca+Mg+Na+K (in meq/L), which has 984 
stayed constant from 1960 to 2016 at ~0.775, likely because overall weathering fluxes are dominated by carbonate weathering 985 
anyways49 and/or due to buffering of released cations via the cation exchange pool. The low value in 1988 is the result of 986 
anomalously high Na concentrations. These high concentrations were only observed at station 07374525, and not at stations 987 
07373420 and 07289000 which also have data in this year (although less datapoints) and is therefore likely the result of local 988 
pollution. 989 
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S2 Acidity as a driver for CO2 emissions from agriculture 991 

Dissolution reactions with limestone in soil consume acidity—depending on soil conditions, the 992 

predominant acids in this reaction are either carbonic acid (above a pH of 5-617) or stronger acids 993 

such as nitric or sulfuric acid1,33. With carbonic acid (H2CO3), limestone/dolomite ((Ca,Mg)CO3) 994 

reacts to produce bicarbonate (HCO3
-) and dissolved Ca and Mg. In the presence of protons from 995 

strong acids (HAc; Ac is a strong acid anion), bicarbonate neutralizes acidity and produces 996 

carbonic acid. Increasing carbonic acid concentrations drives CO2 degassing:  997 

,ܽܥ) 998  3ܱܥ(݃ܯ + 3ܱܥ2ܪ → ,ܽܥ) +2(݃ܯ + −3ܱܥܪ999 2 (eq. 11)         −3ܱܥܪ 2 + ܿܣܪ 2 → 3ܱܥ2ܪ 2 + −ܿܣ2  ↔ 2ܱܥ2 + 2ܱܪ 2 +  1000 (eq. 12)    −ܿܣ 2

 1001 

Alternatively, limestone in soils can react with strong acids directly to produce dissolved Ca and 1002 

Mg, with charge balance maintained by the strong acid anion and loss of CO2 through the 1003 

equilibration of the carbonate system: 1004 

,ܽܥ) 1005  3ܱܥ(݃ܯ + ܿܣܪ 2 → ,ܽܥ) +2(݃ܯ + −ܿܣ 2 + 3ܱܥ2ܪ  ↔ ,ܽܥ)  +2(݃ܯ + −ܿܣ 2 + 2ܱܥ +  1006 (eq. 13)     2ܱܪ

 1007 

This reaction is the basis for the conventional assumption that agricultural liming is a CO2 source.  1008 

For instance, in the current IPCC classification it is assumed that all the carbon contained in lime 1009 

is emitted to the atmosphere. Based on contrasting findings on the CO2 balance of liming1,4,33, in 1010 

US national GHG reporting it is assumed that only ~half of the C contained in carbonate soil 1011 

amendment is emitted as CO2.  1012 

 1013 

Tying CO2 emissions to lime addition is a mechanistically deficient framework for quantifying the 1014 

processes controlling CO2 fluxes. Linking emissions to lime addition confuses cause and effect—1015 

it is the reaction of acidity with bicarbonate that leads to CO2 emissions1, not the dissolution of 1016 

limestone itself. Indeed, in the absence of strong acids liming would not release CO2 and would 1017 

instead straightforwardly lead to carbon dioxide removal (CDR). Furthermore, the conventional 1018 

framework is also based on a flawed counterfactual, because it assumes that no liming would 1019 



equate to no CO2 emissions. However, because there are natural alkalinity pools at Earth's surface 1020 

(naturally occurring carbonates73,74, bicarbonate in pore waters), anthropogenic acid inputs always 1021 

lead to CO2 emissions even in the absence of lime75. Further, if acidity input is larger than the 1022 

alkalinity supplied by liming, the conventional framework will underestimate actual CO2 1023 

emissions by failing to account for emissions occurring through the reaction of anthropogenic acids 1024 

with natural pools of alkalinity. As a result, the current framework creates a flawed incentive 1025 

structure. Real emission reductions could be achieved by lower acidity inputs through managing 1026 

NOx and SO2 emissions as well as efficient use of fertilizer, but are not incentivized. Instead, 1027 

management of soil pH through lime is penalized, removing a key tool farmers and land use 1028 

planners can use to reduce agricultural emissions and improve soil health. Critically, elevating soil 1029 

pH through liming decreases N2O emissions4,10,76 and increases nitrogen use efficiency 1030 

(NUE)4,10,76,77, reducing the need for nitrogen fertilizer and associated emissions from fertilizer 1031 

production and nitrification.  1032 

 1033 

Here, we propose a new framework for accounting for acid-base reactions in agricultural settings. 1034 

We argue that quantification of CO2 emissions should be tied to the addition of anthropogenic 1035 

acidity, and that agricultural liming should be considered a CO2 sink. We apply this framework to 1036 

the MRB as a case study and demonstrate that it is consistent with both trends in river chemistry 1037 

since 1900 as well as spatially-explicit reactive transport model simulations of soil CO2 emissions 1038 

resulting from inputs of acidity and alkalinity. 1039 

  1040 



S3 Reactive transport model (SCEPTER) 1041 

 1042 

As mentioned in the main text and online methods, SPECTER is spun up for 1°x1°C grid cells for 1043 

the US where cropland constitutes at least 10% of areal extent64 considering a soil depth of 0.5m. 1044 

The initial and spin-up boundary conditions for the reactive transport code are based on a variety 1045 

of gridded data products, including runoff/infiltration35, mean annual air temperature65, 1046 

aboveground net primary productivity (NPP)66, soil organic matter (SOM)67, topsoil pH67, soil 1047 

cation exchange capacity (CEC)68, and soil base saturation67. SCEPTER is initialized by tuning 1048 

four key parameters: 1049 

5. a reference soil cation exchange coefficient (KH/Na)
64 1050 

6. dissolved Ca2+ concentration at the upper boundary, representing carbonate 1051 

weathering and agricultural liming 1052 

7. input of soil organic carbon (Jorg) 1053 

8. soil organic carbon (SOC) turnover time (τorg). 1054 

These parameters are adjusted to reproduce four site-specific observational parameters: soil pH, 1055 

soil base saturation, soil organic carbon content, and soil pCO2, which is estimated from soil 1056 

temperature and net primary productivity69. The model is forced by other boundary conditions, 1057 

such as runoff and air temperature. Before start of the simulations, the model is spun up for 105 yr 1058 

to ensure processes are initially at steady state. 1059 

 1060 

We transfer the acidity and alkalinity fluxes into the Mississippi River catchment (Figure 2) into 1061 

corresponding mass fluxes for each grid cell (Figure S7). The fraction of nitrogen pollution that 1062 

remains as acidity pollution (i.e., leaches from soils, see online methods and Figure S11) from 1063 

both fertilizer and atmospheric pollution is fed into the system as NH4NO3 – essentially the 1064 

compound does not affect the system trend as for both NH4NO3 and HNO3, 1 mol of acidity is 1065 

released per mol of N. Lime is introduced in the model as a 80:20 (by alkalinity) mix of CaCO3 1066 

and dolomite CaMg(CO3)2. SO2 pollution is inserted into the model domain as H2SO4. 1067 

 1068 



 1069 
Figure S7: Input fluxes of lime and acidity generating compounds considered in the reactive transport code SCEPTER.  1070 

 1071 

We suppress carbonate precipitations in the SCEPTER runs because (1) overall acidity inputs are 1072 

larger than alkalinity inputs (main text Figure 2), making precipitation of secondary carbonates 1073 

unlikely from a geochemical perspective, (2) there is considerable uncertainty for the threshold 1074 

oversaturation required for such precipitation to occur78. 1075 

 1076 

Example outputs of spatially explicit model outputs are shown in Figure S8, where fH,rxn and fH,diff 1077 

two different approaches to estimate the fraction of added acidity that reacts with bicarbonate to 1078 

produce CO2 emissions (see online methods). As the model output demonstrates, both approaches 1079 

yield similar estimates both in terms of spatial distributions and absolute values. We calculate the 1080 

Mississippi average for these parameters as well as others to facilitate discussion at a catchment 1081 

level (Figure S9).  1082 

 1083 



 1084 
Figure S8: Input fluxes of lime and acidity generating compounds considered in the reactive transport code SCEPTER.  1085 

 1086 

The temporal dynamics of acidiy fluxes to and from the cation exchange complex (CEC) pool as 1087 

well as reacting with bicarbonate are complex and depend on land use history (Figure S9). In the 1088 

beginning of the record, acidity addition is larger than alkalinity addition with liming being 1089 

essentially absent (Figure 2). In this part of the record the CEC complex is an acidity sink, with 1090 

protons exchanging on CEC for base cations. When liming increases in the 1930s, releasing base 1091 

cations in top soils and reducing acidity-alkalinity imbalance, the CEC complex becomes an 1092 

acidity source as cations exchange with protons on CEC sites, increasing base saturation. This 1093 

process oscillates between CEC being an acid sink and source over time depending on how the 1094 

balance between acidity and alkalinity addition develops in a certain year. The seeming imbalance 1095 

in the mass balance in Figure S9a (more sources than sinks plotted) after ~1930 results from the 1096 

reaction of acidity with lime, which is an additional acidity sink and not shown.  1097 

 1098 

Because the CEC complex saturates with acidity in the beginning of the record, progressively less 1099 

protons are sorbed to CEC sites and more reacts with bicarbonate to produce CO2, causing a 1100 

continuous increase in the CO2 emissions flux until 1940. After this the dynamics become more 1101 

complex with acidity from direct pollution as well as the CEC complex and the input of lime as an 1102 

additional CO2 sink all modulating this flux. 1103 

 1104 



 1105 

Figure S9: Panel a) shows sources and sinks of acidity within the soil column considered in SCEPTER, with negative values 1106 
corresponding to acidity sinks and positive values as acidity sources. The cation exchange (CEC) pool acts both as a CO2 source 1107 
and CO2 sink depending on the relative inputs of acidity and cations in a given year. Panel b) shows the flux of acidity reacting 1108 
with bicarbonate to produce CO2 relative to the input of acidity from pollution (blue line) and relative to the net acidity input also 1109 
accounting for fluxes from the CEC complex (yellow dash-dotted line). The acidity flux to/from the CEC complex relative to acidity 1110 
inputs from pollution is shown in orange (dashed line) 1111 

 1112 

The relative fractions of the CO2 flux normalized to acid input (Figure S9b) are used to calculate 1113 

acidity-based CO2 budgets based on acidity input into the soil column. The flux of acidity reacting 1114 

with bicarbonate to produce CO2 normalized by the net acidity addition (i.e., acidity pollution 1115 

accounting for the flux to/from the CEC pool) starts of around 1 in the early part of the record 1116 

before oscillating around 0.5 after 1960. Most acidity not adsorbing to CEC sites react to produce 1117 

CO2 (ratio close to 1). As liming increases in the 1930s, this value drops because the reaction of 1118 

lime with protons is an additional acidity sink that emits CO2 only at a 1:2 molar ratio (2 H+ 1119 

required for 1 mol of CO2 emissions, see equation 3 in the main text). 1120 

  1121 



S4 Additional supplementary figures main text & online 1122 

methods 1123 

 1124 

 1125 
Figure S10: Panel (a) shows how SO2 emissions and coal production have changed since 1900, and panel (b) shows the correlation 1126 
between both parameters for the pre-1955 period where the SO2 data was used to modulate fstrong acid to demonstrate that to a large 1127 
extent, in that period, dynamics in SO2 emissions reflect changes in coal production. After this period SO2 emissions decreased 1128 
although coal production still increased (a), likely due to switching to coal with lower S content as well as the advent of industrial 1129 
flu gas desulfurization technologies (1970 clean air act). After ~2000, both coal production and SO2 emissions have decreased, 1130 
following a new regression line with a lower slope (i.e., less SO2 emissions at same coal production). 1131 

 1132 

 1133 



 
Figure S11: Sketch of the N cycle processes considered in this study. The assumptions laying the foundation for the analysis are that (1) irrespective of input type, N addition will 

release 1 mol H+ per mol N, (2) that only the N remaining in porewaters and ultimately leached stays charge balanced with protons, with the rest of the processes being net-

neutral in terms of acidity, and that the reaction of NH4 to NO3
- (nitrification) is assumed to dominate over plant uptake and groundwater losses, and losses to the atmosphere. 

1) All inputs of reduced N like urea (CO(NH2)2) or anhydrous ammonium (NH3) consume 1 mol H+ per mol N added to react to ammonia. Nitrification to NO3
- produces 2 

mol H+ per mol ammonia, causing a net acidity input of 1 mol H+ per mol N. Addition of HNO3 deprotonates to 1 mol H+ per mol N. Ammonium nitrate fertilizer 

(NH4NO3) is charge balanced without involving protons, but when the NH4 is undergoing nitrification it produces 2 mol H+ per mol N for 2 mol of N added. Hence for 

all of the most common N input types, the assumption of 1 mol H+ per mol N added is valid. 

2) Both plant uptake pathways as well as loss to the atmosphere neutralize the initial addition of acidity either directly through compensating fluxes of protons. As examples 

production of N2, N2O, and NO during denitrification all consume 1H+ per NO3
-. Similarly, production of NO and NO2 from nitrification and NH4

+ volatilization all 

consume 1 H+ per mol N, at which point the process is acidity neutral as production of NH4 consumes one proton per N. Plant uptake is either acidity balanced by direct 

fluxes of protons, or assumed to balance through charge balance and re-equilibration of the carbonate system. 

3) In the simplified N-cycle calculations, we assume that NH4 is quantitatively nitrified to NO3
-, and that the plant uptake fraction of NO3

- is approximated by the nutrient 

use efficiency (NUE), with the remainder being split between denitrification and leaching. 



 

 
Figure S12: Fraction of US-wide atmospheric deposition of NOx and SO2 in the Mississippi river catchment. The average of the 

years 2000-2021 is used to for the calculations from 1900-1999; assuming larger uncertainties for this period. 

 

2000 2005 2010 2015 2020

year

0.35

0.4

0.45

0.5

fr
a

c
ti
o
n
 d

e
p

o
s
it
e

d
 i
n
 t

h
e

 M
is

s
is

s
ip

p
i 
c
a
tc

h
m

e
n
t,

 [
]

a) Fraction of atmospheric pollutants deposited in the

Mississippi River catchment, TDep a  model period

dry + wet NO
x
 (noxi tw)

dry SO
2
 (so2 dw)

dry + wet S compounds (s tw)

1900 1920 1940 1960 1980 2000 2020

year

0.35

0.4

0.45

0.5

fr
a

c
ti
o
n
 d

e
p

o
s
it
e

d
 i
n
 t

h
e

 M
is

s
is

s
ip

p
i 
c
a
tc

h
m

e
n
t,

 [
]

b) Fraction of atmospheric pollutants deposited in the

Mississippi River catchment, paper period


