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Abstract

The application of carbonate minerals to arable lands — agricultural liming — is a long-standing
practice for counteracting soil acidification due to atmospheric pollution and anthropogenic
fertilizer addition!™. While this practice boosts crop yields and mitigates soil acidification?, it is
widely considered to be a significant component of agricultural emissions of carbon dioxide
(CO»)°. Here, we use a multi-decade timeseries of agricultural liming and anthropogenic acidity
for the Mississippi River Basin — one of the largest agricultural catchments on Earth — together
with results from reactive transport modeling to show that agricultural liming has acted as a net
carbon sink over the last century. We show that ~75% (65-85%) of the maximum carbon dioxide
removal potential of agricultural lime added since 1900 has been realized on the catchment scale,
with a time lag due to soil cation exchange and solute transport of roughly ~15 years. Our results
suggest that it is the addition of anthropogenic acidity to agricultural systems that should be
thought of as an emissions source, rather than the addition of lime, and underscore that optimized
soil pH management can significantly reduce agricultural greenhouse gas emissions while

augmenting crop yields and soil health.
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Main text

The agricultural sector is responsible for a significant amount of greenhouse gas (GHG) emissions,
with farm-to-fork emissions comprising ~30% of total anthropogenic GHG emissions globally®.
In the US, direct agricultural emissions account for about 10% of overall emissions and have
increased by ~8% since 1990°. Global GHG emissions from agriculture are projected to increase
approximately 30-40% by 2050° to meet food demands associated with human population growth.
Agricultural GHG emissions are difficult to mitigate, with the agricultural sector representing a
significant fraction of residual carbon dioxide (CO), methane (CHs), and nitrous oxide (N20O)

emissions in net-zero scenarios from integrated assessment modeling’°.

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

soil acidity*!°

. While essential for high crop yields, the use of nitrogen fertilizers results in
lifecycle emissions of CO; during fertilizer production, drives soil emissions of N2O, and acidifies
soils because acidity is produced during the nitrification of ammonium (NH4") to nitrate (NO3") in
agricultural systems'. Soil acidity is a major issue because it can reduce nutrient use efficiency
(NUE) in crops and in extreme cases reduce crop yields because of plant aluminum toxicity'!!2.
As aresult, it is often standard agronomic practice to manage soil pH through the addition of fine-
grained limestone (CaCO3) or dolomite ((Ca,Mg)CO3) to soils, referred to here as agricultural
lime. Silicates have also been used as fertilizers and to improve soil pH'*!* and have gained recent
interest as feedstocks in enhanced weathering for carbon dioxide removal (CDR)!'>!'®. These
practices improve yields, can improve NUE, and have been shown to reduce trace GHG emissions
from many agricultural systems*!°. Increasing soil pH is also an incentive-based method available

for reducing N>O emissions*!?,

However, dissolution of limestone at low pH values'” — the conditions liming is meant to remedy
— can result in the production of COx:
CaCO; +2H" — Ca*" + CO, + H,0 . (Eq. 1)

This process is the conceptual basis for the conventional assumption that agricultural liming
represents a net CO2 emissions source. For instance, the current framework used by the IPCC to

evaluate country- and sector-level greenhouse gas emissions assumes that all carbon contained in
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agricultural lime is emitted to the atmosphere’, while national GHG accounting in the United States
includes the assumption that roughly half of the carbon contained in agricultural lime is emitted to
the atmosphere!®. This framework presents agricultural producers and land managers with a
difficult tradeoff between the positive impacts of liming on crop yield, soil health, and trace GHG

emission reductions and the potential for increased agricultural CO> emissions.

Here, we revisit the impact of agricultural liming using multi-decade timeseries data for one of the
largest agricultural watersheds on Earth — the Mississippi River Basin (MRB). We show that the
current conceptual framework is inadequate for tracking the climate impacts of agricultural soil
pH management. Specifically, we argue that it is the input of anthropogenic acidity to agricultural
systems — sulfuric and nitric acids from fertilization and fossil fuel combustion — that drives CO>
emissions rather than inputs of agricultural lime (see also Supplement S2). As a result, the relevant
counterfactual for evaluating the impacts of agricultural liming on CO> fluxes is the reaction of
anthropogenic acidity with natural background sources of alkalinity and inorganic carbon. We then
show that 75% or more of the full CDR potential of agricultural lime application to the MRB has
been realized over the last century, with a time lag between agricultural lime application and

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

The fate of anthropogenic acidity in the Mississippi River Basin

The MRB offers the unique opportunity to assess the dynamics of acidity addition and removal
through liming in agricultural lands. The catchment covers 41% of the total area — and ~2/3 of
the agricultural area — of the contiguous US'", receives the majority of agricultural lime input'~
319 and its river chemistry is heavily impacted by agricultural processes'*°* (Figure 1). Using
geospatial and timeseries data for inputs of nitrogen (N), sulfur (S)*, and agricultural lime'>
(see Online Methods), we quantify anthropogenic acidity pollution and intentional buffering of
this acidity by addition of alkalinity through agricultural liming through the last century. The
records compiled here (Figure 2) collectively allow us to evaluate anthropogenic additions of

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

agriculture and the initial rise and later decline of acid pollution from fossil fuel burning.
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There is a clear and well-documented increase in agricultural lime application after ~1935, from
~1 megatonne (Mt; 10° tonnes) of lime per year to ~20 Mt y™! nationally by 1950 (Figure 2a).
Between 1900 and 1960 the majority of agricultural lime application in the US occurred in the
MRB!3. Rates of fertilizer application to the MRB have also increased dramatically since 19407/,
with a significant increase between 1960-1980 to ~6 MtN y! (Figure 2b) and a leveling off in
subsequent decades. Atmospheric acidity deposition — SO» and NOx species derived primarily
from anthropogenic fossil fuel combustion— gradually increased throughout the early part of the
century but have been decreasing sharply in recent decades due to air quality and emissions

regulations (Figure 2c¢).

Taken together, these compiled timeseries data allow us to construct an acid-base balance for the
Mississippi catchment over the last century (Figure 2d). Overall, anthropogenic acidity pollution
increased significantly between 1900 and the 1970s, from ~0.1 terramoles of acidity (Tmol; 102
mol) per year to roughly 0.5 Tmol y! by 1970. Prior to 1960 most of this acidity flux was derived
from atmospheric pollution, but a sharp increase in fertilizer addition and gradual decreases in
atmospheric pollution have resulted in anthropogenic fertilizer addition being the largest single
source of acidity pollution since 2010. Anthropogenic acidity inputs have vastly outstripped
alkalinity inputs through agricultural liming through the last century, with a nearly 15 Tmol
cumulative excess of acidity input to the MRB by 2015.

Excess acidity and the carbon balance of agricultural liming

Our results indicate that inputs of alkalinity through agricultural liming in the Mississippi
catchment have not been sufficient to counteract inputs of acidity from fertilizer oxidation and
atmospheric pollution (Figure 2d). This imbalance in the acidity budget implies that soil and river
pH levels are lower than they would otherwise be without human intervention. To mechanistically
evaluate the impact of excess anthropogenic acidity on the carbon cycle of the Mississippi
catchment we feed the acidity and alkalinity fluxes from our timeseries into a gridded reactive
transport model ensemble that accounts for the effects of local soil variations in cation exchange
processes, geology, and agricultural practices (see Online Methods and Supplementary Material).

This allows us to attribute the fate of excess anthropogenic acidity to chemical reactions and
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transport processes, allowing us to estimate the fraction of excess acidity that ultimately results in
CO» emissions (Figure S9). We can then compare a “counterfactual” scenario (that includes inputs
of anthropogenic acidity but without agricultural liming) to a scenario including agricultural liming

based on historical data (Figure 3a).

Our results suggest that the potential CO> emissions from excess anthropogenic acidity are
significantly larger than estimated CO> emissions from agricultural lime using the conventional
IPCC and US GHG accounting frameworks (Figure 3a). For instance, in 1980 our results indicate
that excess anthropogenic acidity was sufficient to drive CO> emissions equivalent to ~15 MtCO,
y ! with no agricultural liming, while emissions decrease to ~10 MtCO> y'! with liming included.
In contrast, [IPCC and US GHG accounting estimates that assume agricultural lime is the source
of CO; emissions rather than anthropogenic acidity are well below both of these values, at ~7 and
4 MtCO; y!, respectively. The current IPCC framework for calculating liming CO> emissions’
only yields correct values when alkalinity addition through liming happens to match overall net-

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

is uncommon globally™?.

This suggests that it is the flux of anthropogenic acidity — rather than inputs of agricultural lime
— that should be the metric for evaluating CO> emissions and constructing counterfactual
scenarios for geochemical practice interventions within the agricultural system (see also Online
Methods). Specifically, baseline or counterfactual rates of CO2 emission from agricultural systems
should be grounded in fluxes of anthropogenic acidity, rather than fluxes of agricultural lime, and
the impact of agricultural liming on GHG emissions should be evaluated based on this
counterfactual rather than based on any assumed emissions factors for lime. Indeed, our results
indicate that inputs of agricultural lime in the Mississippi catchment have acted to decrease CO-
emissions on a decadal timescale— and suggest that agricultural liming has been strongly carbon-
removing at the catchment scale for most of the last century in the Mississippi watershed (Figure

3a).
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Efficiency and timescales of carbon removal in the Mississippi River Basin

We can use the difference between the simulations with and without agricultural liming to estimate
the aggregate CDR associated with liming in the Mississippi catchment over the last century
(Figure 3b). Cumulatively, our modeling approach estimates that ~300 MtCO; have been removed
through agricultural liming in the period between 1900-2015 (Figure 3b). We can compare this
with excess riverine bicarbonate fluxes?*>?* (Figure S1; see Online Methods and Supplement S1)
compared to a pre-1935 baseline, which indicate that an additional ~800 MtCO- has been exported
cumulatively from the Mississippi catchment over the same period. Assuming this derives from
the reaction of lime with carbonic acid, based on the stoichiometry of carbonate dissolution, this
equates to ~400 MtCO; removed through liming and transported in the Mississippi:

CaCO; + CO, + H,0 — Ca*" + 2HCO3 . (Eq. 2)

This correspondence between independent bottom-up (biogeochemical model-based) and top-
down (river record-based) flux estimates strongly supports the contention that agricultural liming
has served as a carbon removal flux in the Mississippi catchment over the last century. Consistent
with this interpretation, based on changes in the ratio between Ca?* and Mg?" to HCOjs
concentrations®? (see Online Methods) our novel Mississippi River chemistry dataset (Figure S1)
indicates that the fraction of weathering occurring due to strong acids has decreased over the same

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

We can evaluate the timescales and efficiency of carbon removal through agricultural liming over
time by comparing the top-down (model-based) and bottom-up (river-based) flux estimates with
an estimate of the total CDR potential of added lime in the Mississippi catchment assuming
stoichiometric reaction of added lime with soil CO; (via carbonic acid; Eq.2). This approach yields
a cumulative total CDR potential of lime addition amounting to ~500 MtCO; between 1900-2020,
suggesting that between 65 + 11% (model) to 85 + 21% (river flux data) of the carbon removal
potential of added lime between 1900-2015 has been realized. This is likely a conservative
estimate, given that a fraction of the dissolved inorganic carbon moving through the catchment
enters long-term storage in deeper groundwater*, likely removing carbon but bypassing our river
accounting. For instance, recent estimates suggest that 16% of water fluxes go toward groundwater

recharge in the continental US* (and ~11% in the MRB). Nevertheless, we find multiple,
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consistent lines of support that agricultural liming has represented a large carbon removal flux over
the last century, and that on a decadal scale it is a relatively efficient carbon removal process at

the catchment scale.

We can also use our timeseries and model data to evaluate the timescales over which carbon
removal due to agricultural liming has unfolded relative to the time of lime application in the MRB.
It is well-known that base cations released into soils (e.g., Ca*" from dissolving limestone or
silicates) can become bound to cation exchange sites within the soil, resulting in a time lag between
cation input to the system and cation export*® 3%, Because it is the charge balance with base cations
that is ultimately responsible for HCO;™ formation and export from soil systems, any lag in cation
transport will also result in a lag in carbon removal. Model results suggest that this time lag can
vary considerably depending on soil properties and land use practices®®. Our results indicate a
broadly constant carbon removal lag in the Mississippi catchment of 15-30 years from the time of
lime application (after 1935; Figure 3b). Reactive transport model results suggest that liming was
a CO; source for the first 15 years after the initial increase in liming rates due to the release of
exchangeable acidity in the soil, again highlighting the impact of cation exchange processes on
CO; emissions and alkalinity export (supplement S1; Figure S9). It takes another ~15 years for
this initial COz pulse to be fully compensated, with model results indicating that in the MRB liming
became CO; removing after ~30 years. These timescales are likely to vary as a function of soil
conditions and agronomic practice, indicating the potential to improve the agronomic and climate
impacts of liming through optimized deployment strategies and policy incentives. River based
estimates show signs of less pronounced time lag in alkalinity export after the ramp up of liming
(Figure 3b), either due to particularly high river discharge in the 1940s or potentially suggesting

the importance of regions of preferential flow in many soils.

Implications for agricultural policy and carbon removal

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

values*®*!. This implies that croplands are not optimized for nutrient use/retention or for yields.
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Given that liming is widely accepted as a standard agronomic practice, funding and financing are
likely a substantial factor contributing to the gap between ideal and realized soil pH values.
Evidence that agricultural liming leads to durable carbon dioxide removal at the catchment scale
— rather than being a CO» source — suggests that efforts to fund and incentivize management of
soil pH through agricultural liming could both have positive agronomic impacts and reduce large-
scale agricultural greenhouse gas emissions. This analysis also provides an impetus to focus on
catchment-scale and jurisdiction-level monitoring of alkalinity fluxes as a means of robustly
quantifying the enhanced weathering effects of adding carbonates and silicates to soils to modify
pH values. However, if the aim of liming is to maximize carbon removal, care should be taken
regarding the timescale it takes for liming to become CO:-removing. However, our analysis
suggests that agricultural liming as an agronomically beneficial mechanism of carbon removal that

should be explored in croplands worldwide.
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Figure 2: Reconstructed timeseries data for US-wide’* and Mississippi catchment lime application
rates (@), annual fertilizer application rates’ and nitrogen use efficiency (NUE?) (b), atmospheric
SO: and NO, deposition fluxes> 3’ (¢), and combined acid-base budget (d) for the MRB. NUE
values prior to start of timeseries data in (b) are assumed constant. All uncertainties shown
correspond to 1 standard deviation. Uncertainty on cumulative excess acidity is based on Monte
Carlo simulations assuming a minimum uncertainty of 10%.

2 West & McBride (2007) and EPA (2022) ' ® U.S. Bureau of Census (1956-1989) 2 ¢ Cao et al. (2017)*! 9 Zhang et al. (2015)*
¢ based on data from Turner (2021) and U.S. Bureau of Census (2003) 3% as well as combined model and observation data for

atmospheric deposition?>-27
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Figure 3: Comparison of agricultural CO; budgets estimated based on reactive transport modeling
and river gauging data. Shown in (@) are CO2 emissions based on our reactive transport model
driven by the timeseries data for anthropogenic acidity flux with (blue-solid) and without (blue-
dashed) agricultural liming. Also shown for comparison are estimated CO> emissions using the
IPCC (red-dashed) and US-GHG (yellow-dotted) frameworks for estimating lime-derived CO»
fluxes. Shown in (b) are estimates of cumulative carbon dioxide removal (CDR) based on complete
reaction with soil CO: (red-solid), CO> captured relative to the no-lime counterfactual in the
reactive transport model (blue-dash-dotted), and bicarbonate excess in river data for the
Mississippi catchment (purple-dashed).
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Online Methods

In this project we combine long timeseries of cation and bicarbonate concentrations in the
Mississippi River watershed with records of lime and acidity addition to re-visit the question
whether liming in the Mississippi watershed is CO. sink or source'** and argue that emissions
should be attributed to acidity additions rather than liming itself and attempt to estimate

agricultural CO; budgets based on this assumption.

To compile these data, riverine concentrations and fluxes are estimated by combining long
timeseries of Ca and Mg concentrations from 5 USGS stations in the Lower Mississippi River*,
and of previously published records of discharge and alkalinity 2>}, Using the approach outlined
in Hamilton et al. (2007)*, we quantify the fraction of carbonate weathering that occurs because
of reactions with strong (i.e., non-carbonic) acid based on the concentrations of Ca, Mg, and
bicarbonate. For the part of the time series where cation data is lacking (1901-1953), the strong
acid fraction is estimated by modulating the linear interpolation with changes in acidity pollution
considering oxidation of fertilizer, and NOx and SO> emissions as sources of acidity. Given the
strong correlation of SOz emissions with coal production before 1955 (Figure S10), by modulating
the trend with SO> we assume to also capture changes in acid mine drainage from coal mining.
Estimates of the former are based on data on fertilizer addition®! and nitrogen use efficiency*?,

while atmospheric acidity pollution relies on emission?®3°

as well as atmospheric deposition data
2527 Based on reactive transport model derived 3*** estimates of the fraction of acidity reacting
with bicarbonate to produce CO», we further compare how different approaches of attributing CO»
emissions deriving from the reaction of strong acids with bicarbonate or lime translate into
agricultural CO; budgets. In this section we are giving detailed information on how the parameters

presented in this study are derived and calculated.

Annual average riverine concentrations in the Lower Mississippi

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

stations® (Figure 1, Figure S1) spanning 7 decades, as well as published data from the early
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1900s**7 and long timeseries of Mississippi discharge and total alkalinity titrations (assumed to
be equivalent with HCO3" concentrations)*>*. All data compiled in this study as well as calculated

results are available in the data supplement.

Annual flow weighted average concentrations for Ca (combining USGS parameters 00915
and 00916), Mg (00925 and 00927), SO4>" (00945) and NO3+NO," (00631) were calculated
based on the data of from the following stations (see Figure 1):

o Mississippi River at Vicksburg, MS — station 07289000

o Mississippi River at St. Francisville, LA — station 07373420

o Mississippi River at Baton Rouge, LA — station 07374000

o Mississippi River at Plaquemine, LA — station 07374120

o Mississippi River at Belle Chasse, LA — station 07374525
Due to their similar watersheds and to maximize the amount of data per year and month, data from
these 5 stations were combined and monthly average concentrations were calculated. Using
monthly discharge data??, annual flow weighted averages were calculated. The uncertainties from
monthly averages were propagated assuming a 10% uncertainty on monthly discharge and the
calculated standard deviation on monthly average concentrations. Uncertainties on both monthly
average and annual flow weighted average concentrations were set to be 5% when propagated
uncertainties were lower. Annual fluxes were calculated by combining annual flow weighted
average concentrations with annual water discharge??*. Uncertainties were propagated assuming
10% uncertainty on annual discharge. The calculated annual average concentrations are shown in

Figure S1 and briefly discussed in Supplement S1.

To estimate the increase of riverine bicarbonate fluxes compared to the pre-lime baseline
period, we calculate the average pre-1935 bicarbonate concentrations (baseline) and the excess
over this baseline for the post 1934 period. Uncertainties on the baseline value, excess riverine
bicarbonate fluxes as well as their cumulative value are propagated using Monte Carlo simulations.
Estimates of excess riverine bicarbonate fluxes in terms of lime CDR are calculated based on the
assumption that the excess flux is caused by dissolution of lime, half of the related C stems from
the atmosphere and half from lime minerals. Riverine transported lime-CDR is hence estimated by

converting 50% of excess (molar) bicarbonate fluxes into metric tons of CO».
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Fraction strong acid weathering

Our approach to quantify the fraction of lime dissolved as a result of reaction with strong
acids rather than carbonic acid builds upon the classic approach of comparing water Ca and Mg
concentrations (in meq/L) with water HCO3™ concentrations (in meq/L) as developed by Hamilton
et al. (2007)* — see also Figure 4. Historically, this approach was applied to tile drainage and
stream water>’. Here, we assume that this framework also applies to the Mississippi watershed for
three reasons. First, ~58% of the catchment is covered with croplands*® and overall riverine
processes are heavily impacted by agriculture!-** 24, facilitating the emergence of an agricultural
liming signal. Second, weathering fluxes in the Mississippi catchment are generally dominated by
carbonate weathering®, such that this framework would be expected to reflect carbonate

weathering dynamics also on the catchment scale.
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Figure 4: Sketch of the quantification of the fraction strong acid weathering (fswong acia) from Ca, Mg, and HCO53™ concentrations.

Essentially, lime dissolution by carbonic acid releases Ca+Mg and HCO3™ at a 1:1 ratio (in meq/L).
If strong acids are present and react with lime, this releases cations without generating HCO3".

Stoichiometrically, this is equivalent with dissolution via carbonic acid, and subsequent loss of
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HCOs5™ due to reaction with protons are charge balanced by strong acids. Hence, we quantify the

fraction strong acid fstrong acia Weathering as a unitless ratio:

_ [Ca+Mglstrong acid (eq 3)

fstrong acid [] [Ca+Mglstrong aciat[Ca+Mglcarbonic acid

Where [Ca + Mglstrong acia and [Ca + Mgl carponic acia are the concentrations of Ca+Mg (in

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

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

[Ca + Mg] = [Ca + Mg]strong acid + [Ca + Mg]carbonic acid (eq 4)

Because the concentration of HCOj3™ is equivalent to the cations released from carbonic acid

weathering (on a charge balance basis) we can rewrite this equation and solve for

[Ca + Mg]strong acid*

[Ca + Mg] = [Ca + Mg]strong acid + [HCOS_] (eq 5)

[Ca + Mg]strong acid = [Ca + Mg] - [HCO;] (eq 6)

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

function of measured quantities:

__[ca+Mmg]-[HCO3]
fstrong acid — [Ca+Mg] : (eq 7)

We calculate fgrong acia for the period where data is available: for all years after 1954 and

for 1900 based on alkalinity data for 1900?>2* and cation concentrations for 190147

, assuming these
data can be grouped to calculate one valid data point for 1900 based on the data of two years. To
constrain processes in the period 1901-1953, we estimate how ftrong acia developed based on the
interpolation between the years 1900 and 1953 as well as changes in acidity generating processes
in that period. The two acidity generating processes considered are the oxidation of fertilizer and

environmental pollution with sulfuric and nitric acid (see relevant sections below for more detail).
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The two signals used to modulate the linear interpolation are the annual acidity generation from
fertilizer oxidation and the annual acidity generation from SO> and NOy emissions (Figure 2d).
To modulate the fstrongacia interpolation, we linearly interpolate for the summed acidity
generation of both processes. For each year we calculate a modulation factor which is the ratio
between the actual data for that year and the linear interpolation. The signal is primarily dominated

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

(Figure 2b).

In addition to calculating fstrong acia» this approach also allows calculating the cations

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

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

Rather than using fsrong aciq» Hamilton et al. (2007)* discuss lime dissolution processes

in terms of “CO»-C sink strength”:

CO, — C sink strength (%) = ([Hcojj[_cii[;glwg]) * 100 (eq. 8)

The two terms are related in that a fyrongacia value of 0.5 corresponds to a CO, —
C sink strength of 0%, and fsrong acia values below 0.5 correspond to negative CO, —
C sink strength values (with forongacia (0) = CO, — C sink strength (-100%)) and
fstrong acia values above 0.5 correspond to positive CO, — C sink strength values (with
fstrong acia (1) = CO, — C sink strength(100%)). Hence, all data pairs that fall to the left of the
line with the slope 2 are considered CO; sources and all data points to the right CO; sinks. This is
because the assumption is that on timescales shorter than that of carbonate precipitation in the
oceans, half of the carbon in the HCO3™ released via the reaction of lime with carbonic acid derives
from the atmosphere and that this can be considered a CO; sink. Hence, if less than half of HCO3
is lost due to reaction with strong acids and subsequent degassing ( fstrong acia < 0.5,
C sink strength of 0-100%), this process constitutes a CO2 sink on this timeframe. If more than
half of the bicarbonate reacts with strong acids to produce CO2, lime dissolution is an overall CO2

source (fstrong acia > 0.3, C sink strength of -100-0%).
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HOW fstrong acia and C sink strength evolve through time based on the records compiled here is

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

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

Liming data and uncertainties

To estimate lime application in the Mississippi watershed, we combine US-wide liming
data'® from 1900-2020 with county level data® from 1954-1987 to estimate lime addition to the
Mississippi watershed for the whole period. Lime application in the Mississippi watershed is
calculated for the years 1954, 1959, 1964, 1969, 1974, 1978, 1982, 1987 by summing application
data for all counties contained within the Mississippi watershed from county level data 2. For
counties that are partially within the watershed, the total amount applied is scaled down by the
area of the county contained within the Mississippi watershed. Between the years where county
level data is available, county level data is interpolated, and the interpolation is modulated with
the signal of the US-wide data'*. Unfortunately, no county level liming data is available outside
the period 1954-1987. After 1987, lime application was grouped with fertilizer in Census reports.
Because this sum is reported in mass and different types of fertilizer have different nitrogen to
mass ratios, deconvolving the reported sum into its constituents lime and fertilizer application is
non-trivial and not attempted here. Outside this period, we estimate Mississippi wide lime
application by scaling the US wide application data down assuming the fraction of lime applied
within the Mississippi watershed remained constant (constant at 1954 proportion before 1954 and
constant at 1987 proportion after 1987). To account for the fact that moving away from the 1954-
1987 period the data is less constrained with county level deployment data, we increase the
assumed uncertainty on Mississippi lime application rates: it is set to 10% for 1954-1987, and
increases by 1.5 % for each year moving away from this period, resulting in a ~22% uncertainty

in 1900 and ~16% uncertainty in 2020 (Figure 1a).
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Mass application rates were converted to molar amounts by taking into account relative
contributions of “quicklime and hydrated lime” and “crushed limestone and dolomite”, while

assuming the latter is composed of 20% dolomite and 80% limestone'.

Acidity generation from fertilizer oxidation

This study assesses the release of fertilizer as well as NOx and SO, emissions derived
acidity for three primary reasons. First, to estimate the fraction of strong acid weathering for the
part of the record where cation data is lacking. Second, to assess to what extent liming as balances
the addition of acidity in the Mississippi Catchment. And third, to relate acidity generation to
related CO; emissions in the context of attributing emissions deriving from the reaction of
lime/bicarbonate with strong acids to lime application or acidity addition. The acid sources

considered are the oxidation of nitrogen fertilizer as well as NOx and SO» pollution.

Nitrogen can be supplied to fields in either reduced or oxidized form, and once added these
compounds react in various ways as part of the natural N cycle, with some of these processes acting
as a net source of acidity to the agricultural system. To assess related elemental and acidity fluxes
on the Mississippi catchment scale, here we adopt a simplified conceptual model of the N cycle
(Figure S11), which nevertheless is consistent with previous work that has assessed the impact of
modifying soil acid-base balances via enhanced rock weathering®®. This analysis is based on
several assumptions:

1. Assuming that, due to fast nitrification reactions’!->>

, ammonia (NHy) is nitrified to
NOs™ before it is taken up by plants, N added via fertilizer produces 1 mol H" per
mol of N. Fertilizers usually contain a significant amount of NHs producing
substances®!, such as Urea or anhydrous ammonia (NH3). The reaction of these to
NHs consumes 1 mol H' per mol of N. Subsequently, in a process called
nitrification, NH4 is oxidized in a two-step reaction to nitrite (NO2, by
Nitrosomonas bacteria), and then to nitrate (NOj3, by Nitrobacter bacteria),

releasing 2 mol of H per mol ammonia, such that overall 1 mol H" is produced per
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mol N added (NOs3"). This is also true for fertilizer added as ammonium nitrate
(NH4NO3), where the nitrification of ammonia releases 2 H" (for two N).

2. Only the nitrate that remains in solution and is ultimately leached from soils
remains charge balanced by H', while the rest of the reactions including plant
uptake and denitrification consumes the initial acidity (Figure S11).

Hence, the acidity produced from fertilizer addition is calculated from the molar amount of N
added after taking into account the fraction of N taken up by plants as well as
denitrification/degassing:

__ fertilizer N application [g/yr]

fertilizer acidity production [mol H* /yr] = oy * (1 = NUE) * fyos teachea  (€4.9)

where fertilizer application is the annual nitrogen fertilizer addition flux (g N/yr), My the
molar mass of N (g/mol), NUE is the nitrogen use efficiency (dimensionless; 1 - NUE as to

quantify the fraction lost rather than used), and fyo; ieachea 18 the fraction of the remaining N (i.e.,

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

The primary data used for this analysis is spatially explicit nitrogen fertilizer addition
timeseries data’!. For each year from 1900 to 2015, the average nitrogen fertilizer addition for the
Mississippi catchment was calculated using ArcGIS (i.e., clipping the Mississippi catchment area
and calculating the average value) and transferred into a mass flux based on the Mississippi
catchment area. These data are model-based, but compare well with other estimates of nitrogen
fertilizer addition®'3*, Assumed uncertainties on the nitrogen fertilizer application rates are 10%
for every year. Nitrogen use efficiency for the time series is based on published data from 1961-
2012* and assuming NUE were constant at the 1961-1965 average value before 1965. Due to low
nitrogen fertilizer use before 1960, the impact of this parameter on the propagated overall
cumulative acidity production in the period before 1960 is low. Uncertainty on NUE was assumed
to be 10% after 1960 and 20% before 1960. Based on a global analysis, we assume that on average,
80% of the nitrate not taken up by plants is ultimately leached and remains charge balanced by H

(i.e., fNOsT,leached)ssa and assume and propagate an uncertainty of 20% on this process to reflect

the natural uncertainty and variability of related processes.
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Atmospheric acidity pollution

Because it is not trivial to relate (changes in) riverine SO4>" and NO;™ fluxes to acid
pollution, we attempt to quantify these processes “top down”, similarly to the quantification of
acidity production from fertilizer. Similarly, although data for coal production®®, impacts of acid
mine drainage on river chemistry”’, etc., exist, it is difficult to convert them into acidity production
fluxes. Hence, here we estimate sulfuric and nitric acid additions to the MRB based on emission
data?®°. For sulfuric acid pollution, we are assuming that the oxidation of 1 mol of SO> produces

2 mol H", and that similarly to NO3", plant uptake consumes acidity through charge balance:
sulfuric acid pollution [mol H* /yr] = SO, emissions[mol/yr] * fso,_mississippi * 2 * fs02=jeachea (eq. 10)

where fso,_mississippi 18 the fraction of US wide SO: pollution occurring within Mississippi
catchment and was calculated (Figure S12) based on “Total Deposition Science Committee” TDep
data which integrates observations of atmospheric concentrations (CASTNET, NTN, MDN) with
an atmospheric model (CMAQ) to estimate deposition of numerous pollutants within the US?>27.
The fraction was calculated for the years 2000-2021 where data is available, and the average of
these years (0.430 + 0.023) is used for the earlier part of the time series (1900-1999) assuming that
this fraction has remained constant. The fraction is calculated based on TDep parameter so2 dw
(dry deposition of SO»), but the result using s_tw (dry + wet deposition of S compounds) is the
same within error (0.429 + 0.017). These values are also similar compared to the area fraction of
the contiguous US that is within the Mississippi catchment: 41%'°. Although the calculated
uncertainty is lower, we assume an uncertainty of 10% on fso,_mississippi for the pre-2000 data,
as do we assume an uncertainty of 10% on SO2 emission data and propagate the uncertainties on
the production of sulfuric acid as a result of SOz pollution. Sulfate leaching in soils is highly
variable and depends on a whole range of factors>®®, hence assuming a static value here (as for
the other parameters) necessarily represents a first order estimation. Based on experimental data
using sulfate fertilizer, here we use a leaching rate of 72%°>°, assuming that this fraction remains
charge balanced by H". We propagate an uncertainty of 20% on this estimate to reflect natural

variability and the uncertainty on the catchment-level average.
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Parameterizing environmental pollution with sulfuric acid in terms of SO, emissions means
assuming that atmospheric deposition of SO2/SO4*" is the primary source of sulfuric acid pollution
rather than direct runoff from acid mine drainage. Although catchments that are highly impacted
by coal mining likely see more pollution from direct runoff>’, on the scale of the whole Mississippi
catchment, where most areas are not affected by coal mining, this assumption is likely valid to a

first degree. Generally, as SO» emissions are primarily derived from coal burning®!-6?

, in the early
part of the record before that is relevant for the interpolation of fsyong acid, trends in SO2 emissions
should also capture dynamics in coal mining and therefore acid mine drainage (Figure S10).

329 which is transferred

Acidity addition from NOx pollution is based on emissions data
from a mass to a molar flux using a NO fraction of 0.050 based on Nitrogen Dioxide/Nitrogen
Oxide In-Stack Ratio (ISR) Database®’ (i.e., assuming that NOy is composed to 5% out of NO and
95% NO»). As for SO, deposition occurring in the Mississippi catchment was calculated (Figure
S12) based on TDep data 2>’ for the years with data and assumed to be constant before this period.
One NOx-N is assumed to produce one NOj3™ charge balanced by H', and the fraction that remains

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

The way we calculate acidity addition is designed to yield a first order estimate,
representative at the catchment scale. Clearly there is a lot of variability in related processes,
particularly the fractions of N and S that are taken up by plants vs. leached — but overall we take
this into account by using conservative, generous estimates of uncertainty on all parameters used

as inputs in this study.

Assessing the fate of acidity using the reactive transport model SCEPTER

Translating acidity addition to agricultural fields into related CO> emissions requires
estimating what fraction of protons reacts with bicarbonate to produce carbonic acid which may

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

R39,44,45

For this we utilize the reactive transport model SCEPTE , which has recently been used to
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track the lag times associated with alkalinity additions in the soils of the US*. We assess the
impact of lime on CO> emissions from acid neutralization reactions (and reductions thereof) by
comparing SCEPTER simulations with acidity and alkalinity inputs to the counterfactual scenario

in the absence of lime addition: acidity addition only.

SPECTER is spun up for 1°x1°C grid cells for the US where cropland constitutes at least
10% of areal extent ®* considering a soil depth of 0.5m. The initial and spin-up boundary conditions
for the reactive transport code are based on a variety of gridded data products, including

runoff/infiltration®®>, mean annual air temperature®

, aboveground net primary productivity
(NPP)%, soil organic matter (SOM)®’, topsoil pH®’, soil cation exchange capacity (CEC)®®, and
soil base saturation®”. SCEPTER is initialized by tuning four key parameters:

1. areference soil cation exchange coefficient (Kna)**

2. dissolved Ca** concentration at the upper boundary

3. input of soil organic carbon (Jorg)

4. soil organic carbon (SOC) turnover time (Torg).
These parameters are adjusted to reproduce four site-specific observational parameters: soil pH,
soil base saturation, soil organic carbon content, and soil pCO,, which is estimated from soil
temperature and net primary productivity®. The model is forced by other boundary conditions,
such as runoff and air temperature. Before start of the simulations, the model is spun up for 10° yr

to ensure processes are initially at steady state.

For the experiments conducted here, the quantities of acid forming pollution and fertilizer
(i.e., the fluxes assumed to remain charge balanced by protons in contrast to acidity neutral
pathways; Figure S11) are fed into the model as H2SO4 for SO; pollution, and as NH4NOs3 for
HNOs production from fertilizer and NOx pollution (based on equations 9 and 10, converted to
mg/m?/yr). Lime alkalinity is introduced into the model as 80% of calcite and 20% of dolomite'.
These fluxes are modulated to reflect the evolution of alkalinity and acidity addition to the
Mississippi catchment, with atmospheric acidity pollution being normalized to the catchment area
of the whole catchment and lime and fertilizer addition to the agricultural area assuming that the
catchment is covered to 58% by agricultural land*® to yield input fluxes representative of the

Mississippi average (Figure S7). The counterfactual scenario model runs (i.e., what would
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emissions have looked like without the addition of lime) consider only the abovementioned acidity

inputs.

The model is run for 116 years (assumed to correspond to the years 1900-2015), and the
fractions of H' that exchange with base cations on exchangeable sites (firexch) as well as that react
with bicarbonate to produce CO; are calculated for each grid cell. The latter quantity is calculated
using two approaches. First, based on mass balance, assuming that the amount of H" that for a
given timestep neither enters the exchangeable pool, nor advects out of the soil column, nor is in

soil pore waters reacts with bicarbonate (H,.,,,):

ern = Hdiss - (Hexch + Hadv + Hexch) (9)

Where Hg;, 1s the acidity of dissolved substances after initial reaction of lime with protons to
produce bicarbonate and dissolved cations (see supplement S3 for more detail). The second
approach is to calculate the fraction from the flux of CO> diffusing to the atmosphere (Hy;f ), with
both approaches leading to consistent results (<5% difference). These fluxes are normalized to the
input of acidity at each timestep to give the fraction of H' that reacts with bicarbonate to produce
CO2 (fu,xn, fr,aitr). These fractions are calculated for each grid cell for each immediate timestep as
well as the cumulative average since beginning of the experiments. Finally, consistent with
utilizing Mississippi scale average inputs, we calculate the average of these fractions for the whole
Mississippi catchment to facilitate the assessment of average acid-base processes on the catchment
scale. This average fraction of acidity reacting with bicarbonate (fu,xn) is multiplied with the gross
(or legacy) CO2 emission potential of the added acidity (assuming 1 proton causes degassing of 1

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

More detail on SCEPTER can be found elsewhere®***#3| and additional analysis of model set up

and output is included in the supplementary material.
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S1 River chemistry records and extended discussion

In combination with published riverine alkalinity concentrations and water fluxes within the
MRB?>?3| the data compiled here (Figure S1) can be used to investigate strong acid weathering.
It is possible to assess the extent to which strong acids are involved in the dissolution of lime** by
comparing the concentrations of Ca>" and Mg?* to HCO;" (in meq/L; Figure S2a, see also online
methods including Figure 4). If Cat+tMg concentrations were the same as HCOs", all lime
dissolution would occur due to reaction with carbonic acid®’. Typically, HCO3™ concentrations are
lower, with the difference representing either loss of bicarbonate because of reaction with strong
acids (equation 12), or dissolution of lime with strong acids which produces Ca+Mg but not HCO3"
(equation 13). The difference between these concentrations may be used to estimate the fraction
of lime dissolution that has occurred because of strong acid weathering (fswrong acid) as well as the
CO»-sink strength. Both measures are related, with the latter expressing the CDR impact of lime

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

Usually, this approach is applied to tile drainage and stream water®>. Here, we assume that this
framework also applies to the Mississippt watershed for three reasons. First, ~58% of the
catchment is covered with croplands*®. Hence, overall riverine processes are heavily impacted by
agriculture %% facilitating the emergence of an agricultural liming signal. Second, although on
catchment scale not only carbonate but also silicate and evaporite weathering clearly impact
dissolved loads, including K and Na in the analysis (reflecting these lithologies) does not impact
the observed trend in cation vs. HCO3™ space (compare Figure S2a and Figure S6a). Third,
weathering fluxes in the Mississippi catchment are generally dominated by carbonate
weathering®, such that this framework would be expected to reflect carbonate weathering

dynamics also on the catchment scale.

The reactions of strong acids with lime and bicarbonate (equations 11-13) can be visualized as
vectors (vectors labeled 1-3 in Figure S2a), which allows us to qualitatively assess how the relative
importance of the different reaction pathways has changed through time in the Mississippi

watershed.
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Figure S1: Average annual concentration of Ca (a), Mg (b), SO+ (c), NOs + NOx (d), HCOs (e), and water discharge in the
Lower Mississippi River. Calcium concentrations (a) show large interannual variability with no discernible trend (although
discharge increases (f), suggesting an increase in annual fluxes. Magnesium concentrations (b) increase during the instrumental
record while SO/~ concentrations (c) decrease. For the gaps in the record, SO+ concentrations are interpolated and modulated
by SO: emissions, suggesting increased concentrations in the 40s, while, bounded by data from 1901%7 and 1905 *, concentrations
were low at the beginning of the 20th century. Nitrate and nitrite concentrations have a high variability with no discernible trend
(d). Bicarbonate concentrations ** increase after 1980 (e), similarly to discharge (f) though the discharge signal has a lower signal
to noise ratio. Average flow-weighted concentrations in (a)-(d) are calculated from 5 USGS stations® in the Lower Mississippi
(see Figure 1 for locations), the data for each station and the average are shown, with marker size being proportional to the
number months with data within a year, and the color corresponding to the datapoints within a given year. Uncertainties in a-d
are propagated assuming 5% uncertainty on concentration measurements and 10% uncertainty on discharge. When propagated
uncertainties were below 5%, a minimum of 5% was assumed for flow weighted uncertainties. Bicarbonate concentrations (e) are
derived from total alkalinity titrations, assuming that the majority of alkalinity is derived from HCOs, and originate from the
Sewage and Water Board of New Orleans®?. Estimates of annual Mississippi discharge are derived firom long records of 84
USGS sites and contain discharge diverted into the Atchafalaya River®. Uncertainties on HCO3 and discharge are assumed to be
10%.

@ Sewage and Water Board (New Orleans, LA) (1903)4 ? (Dole, 1909)* ¢ Turner (2021)?® ¢ based on data from Turner (2021) and
U.S. Bureau of Census?*3°¢ Raymond & Hamilton, 2018%

Compared to the year 1900, changes in the composition of Mississippi River water suggest that
the reaction of carbonate rock with strong acids (either through reaction 13 or 11+12) dominates

the evolution of water chemistry up until ~1980. After 1980, the impact of strong acids has
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decreased while cation concentrations stay similar (reduction in equation 12), which also causes
fstrong acid to decrease below 1900 levels after ~2000. Measured values for the fraction of strong acid
weathering (fswong acid) are between 30-40% (CO»-sink strength of 20-40%) between 1954 and 1990
before they drop to ~20% (CO:-sink strength of 60-80%; Figure S2), indicating that carbonate
weathering has been a CO; sink throughout the whole period. In terms of CO,-sinks strength, the
values are consistent with measurements from agricultural streams for the pre-1990 period?? before

increasing to more pristine values, demonstrating evolution into a more COz-removing regime.
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Figure S2: Panel a) shows how Ca+Mg and HCOs changed over time (corresponding to the marker color). The data from all
years fall into the CO: sink area as defined by [HCO3] > 0.5 * [Ca+Mg] (in meq)**. The vectors shown in the panel a refer to the
effect that the reactions displayed in the bottom have in [Ca+Mg] vs. [HCOs] space, with -2 being the effective trend imposed by
a reduction in the extent to which reaction 2 occurs. The trend observed over time is consistent with an increase in Ca+Mg
concentrations being driven by reactions of lime with strong acid (equation 3), and a reduction of strong acid weathering (reduction
of reaction 2) at equal lime dissolution rates. As a result, before ~1980, the CO: sink strength was lower than in 1900, but has
increased over 1900 levels since then (lower fstrong acid, panel b). Including K and Na in the analysis (reflecting silicate and evaporite
weathering) does not impact the observed trend in cation vs. HCO3 space (compare Figure S1). Panel b) shows the fsuong acid in
the Lower Mississippi from 1900-2015. The fraction of strong acid for the post 1953 period is calculated based on the USGS cation
data and published alkalinity/bicarbonate data®>?. Between 1901-1953, it is interpolated between measured data points in 1900
and 1954 and modulated by changes in SOz emissions®*3° and acidity production from fertilizer oxidation (see methods). The
fraction of strong acid is highest during the interpolated period. During the period constrained by instrumental records, the fraction
strong acid is 30-40% between1954 and the 90s, when it starts dropping to below 20% in the years 2007-2012. COx-C sink
strength® (vight y-axis panel b) essentially refers to the fraction of C in lime that is a CO: sink (positive values) or CO: source
(negative values; see online methods).

Driven by both a lower fraction of strong acid weathering and larger overall weathering fluxes, on
timescales shorter than carbonate precipitation in the oceans (>10kyr’?), carbonate weathering is

today a stronger COz sink in the Mississippi river catchment than it was in 1900. The decrease in
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fstrong acid (and related increase in C-sink strength) is primarily driven by decreases in acidity input,
which is consistent with the decreased acidity input after 1970 (Figure 2d), the evolution in cation
vs. bicarbonate space (Figure S2a), and the fact that strong acid derived cation loads are correlated
with riverine strong acid anions, with both decreasing over time (particularly SO4>"; R?=0.52,
Figure S3). At the same time, the increase in overall weathering flux is likely driven by the
increase in catchment wide liming starting in the late 1930s as the increase in cation fluxes is
consistent with the amount of cations contained in the lime added to the Mississippi watershed.
Post-1953 Cat+Mg concentrations are ~21% higher than the 1900 value. The post-1939 lime

addition corresponds to ~18 % riverine Cat+Mg fluxes over the same period (Figure S4).
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Figure S3: The flux of Ca+Mg driven by strong acid weathering (i.e., pseudo-cation flux * fsrong acia) has a high correlation with
riverine SO4%" fluxes (panel b), suggesting the observed changes may be driven by changes in sulfuric acid inputs. The correlation
with NOs+NO2- is lower (R2 = 0.19, panel c), consistent with constant fertilizer oxidation at dropping fswong acid.

The decrease in strong acid addition and increase in liming also have combined effects. The
negative correlation between bicarbonate fluxes and fiwong acia (Figure S5; R?> = 0.38 for the
instrumental record) suggests that the increase in bicarbonate export (Figure S1e) may be, among
other factors’-20-2428577L72 " driven by reductions in CO, degassing due to lower acidity inputs.
Furthermore, although ultimately forced by acidity inputs, the decrease of fsirong acid 1S also impacted

by lime addition simply because it increases both cation and bicarbonate fluxes, causing fstong acid
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to decrease. Collectively these strands of river-chemistry-based evidence are consistent with the

notion that acidity addition drives CO» emissions, and that liming can be considered a CO; sink.
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Figure §4: This figure compares riverine fluxes of Ca and Mg (blue) to the amount of Ca added in fields (orange), with the ratio
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
flux is a combination of the instrumental record (solid line) and an estimation based on riverine HCOs fluxes as well as the

interpolated and modulated fsirong acia (dashed-dotted line):

[HCO3]

[Ca * M.g]pseudo (1 - f:strong acid)

Essentially, this approach is equivalent with correcting measured HCO3 concentrations to fall back on a 1:1 relationship between
alkalinity generation and cation release from lime dissolution (on a charge basis). Graphically, this can be visualized by projecting
HCOs concentrations onto the 1:1 line in Ca+Mg vs. HCOs space (Figure 4, Figure S2). These calculated “pseudo” cation
concentrations are hence based on measured alkalinity and constraints on the fraction of lime that dissolves by reacting with strong
acids. Given that they are based on the modulated fsuong acia, the data for this period has inherently larger scenario uncertainties
based on the assumptions on the interpolation and modulation. In particular the large pulse in the 1940s is likely an artifact of the
combined large river discharge (Figure S1f) as well as pulse in SOz emissions which feeds into the modulation of fsrong acia. The
analysis presented here (comparison of Ca+Mg fluxes), however, this does not have an impact on the estimated ratio of Ca+Mg
fluxes in lime as well as riverine records; using just the data from the instrumental record yields the same average ratio (~0.18).
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Figure S6: Panel (a) shows major cations vs. bicarbonate concentrations (in meq/L). Such plots but based only on Ca+Mg are
commonly used to gauge the fraction of strong acid weathering or the carbon sink strength of lime dissolution®, which is shown
in Figure S2. The version shown in panel (a) in addition also includes K+Na concentrations on the y-axis, demonstrating that the
overall trends are equivalent in terms of an initial increase of cation concentrations followed by a recovery of HCO3 concentrations
due to decreases in acidity pollution (Figure S2a). Because the sum of Ca+Mg+Na+K is by definition higher than the sum of
Ca+Mg, values are shifted to higher y-axis values, i.e., higher fsrong acia and lower carbon sink strength (it is a stronger relative C
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
stayed constant from 1960 to 2016 at ~0.775, likely because overall weathering fluxes are dominated by carbonate weathering
anyways® and/or due to buffering of released cations via the cation exchange pool. The low value in 1988 is the result of
anomalously high Na concentrations. These high concentrations were only observed at station 07374525, and not at stations
07373420 and 07289000 which also have data in this year (although less datapoints) and is therefore likely the result of local
pollution.
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S2 Acidity as a driver for CO, emissions from agriculture

Dissolution reactions with limestone in soil consume acidity—depending on soil conditions, the
predominant acids in this reaction are either carbonic acid (above a pH of 5-6!7) or stronger acids
such as nitric or sulfuric acid"»*. With carbonic acid (H2CO3), limestone/dolomite ((Ca,Mg)CO3)
reacts to produce bicarbonate (HCOs3") and dissolved Ca and Mg. In the presence of protons from
strong acids (HAc; Ac is a strong acid anion), bicarbonate neutralizes acidity and produces

carbonic acid. Increasing carbonic acid concentrations drives CO> degassing:

(Ca,Mg)CO5 + H,CO5 — (Ca, Mg)?* + 2 HCO3 (eq. 11)

2HCO; + 2 HAc —» 2 HyCO3 + 2Ac™ & 2C0, + 2 Hy,0 + 2 Ac™ (eq. 12)

Alternatively, limestone in soils can react with strong acids directly to produce dissolved Ca and
Mg, with charge balance maintained by the strong acid anion and loss of CO2 through the

equilibration of the carbonate system:

(Ca,Mg)CO5 + 2 HAc — (Ca,Mg)** + 2 Ac” + H,C0; & (Ca,Mg)** +2 Ac™ +CO, + H,0 (eq. 13)

This reaction is the basis for the conventional assumption that agricultural liming is a CO» source.
For instance, in the current IPCC classification it is assumed that all the carbon contained in lime

is emitted to the atmosphere. Based on contrasting findings on the CO> balance of liming"*%, i

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

amendment is emitted as CO».

Tying CO; emissions to lime addition is a mechanistically deficient framework for quantifying the
processes controlling CO> fluxes. Linking emissions to lime addition confuses cause and effect—
it is the reaction of acidity with bicarbonate that leads to CO» emissions!, not the dissolution of
limestone itself. Indeed, in the absence of strong acids liming would not release CO> and would
instead straightforwardly lead to carbon dioxide removal (CDR). Furthermore, the conventional

framework is also based on a flawed counterfactual, because it assumes that no liming would
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equate to no CO» emissions. However, because there are natural alkalinity pools at Earth's surface
(naturally occurring carbonates’>’4, bicarbonate in pore waters), anthropogenic acid inputs always
lead to CO, emissions even in the absence of lime”. Further, if acidity input is larger than the
alkalinity supplied by liming, the conventional framework will underestimate actual CO:
emissions by failing to account for emissions occurring through the reaction of anthropogenic acids
with natural pools of alkalinity. As a result, the current framework creates a flawed incentive
structure. Real emission reductions could be achieved by lower acidity inputs through managing
NOx and SO; emissions as well as efficient use of fertilizer, but are not incentivized. Instead,
management of soil pH through lime is penalized, removing a key tool farmers and land use
planners can use to reduce agricultural emissions and improve soil health. Critically, elevating soil

41076 and increases nitrogen use efficiency

pH through liming decreases N>O emissions
(NUE)*1%7677 " reducing the need for nitrogen fertilizer and associated emissions from fertilizer

production and nitrification.

Here, we propose a new framework for accounting for acid-base reactions in agricultural settings.
We argue that quantification of CO2 emissions should be tied to the addition of anthropogenic
acidity, and that agricultural liming should be considered a CO> sink. We apply this framework to
the MRB as a case study and demonstrate that it is consistent with both trends in river chemistry
since 1900 as well as spatially-explicit reactive transport model simulations of soil CO; emissions

resulting from inputs of acidity and alkalinity.
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S3 Reactive transport model (SCEPTER)

As mentioned in the main text and online methods, SPECTER is spun up for 1°x1°C grid cells for
the US where cropland constitutes at least 10% of areal extent® considering a soil depth of 0.5m.
The initial and spin-up boundary conditions for the reactive transport code are based on a variety
of gridded data products, including runoff/infiltration®>, mean annual air temperature®,
aboveground net primary productivity (NPP)%, soil organic matter (SOM)®’, topsoil pH?’, soil
cation exchange capacity (CEC)®®, and soil base saturation®”. SCEPTER is initialized by tuning
four key parameters:

5. areference soil cation exchange coefficient (Kna)®

6. dissolved Ca®" concentration at the upper boundary, representing carbonate

weathering and agricultural liming

7. 1input of soil organic carbon (Jorg)

8. soil organic carbon (SOC) turnover time (Torg).
These parameters are adjusted to reproduce four site-specific observational parameters: soil pH,
soil base saturation, soil organic carbon content, and soil pCO,, which is estimated from soil
temperature and net primary productivity®. The model is forced by other boundary conditions,
such as runoff and air temperature. Before start of the simulations, the model is spun up for 10° yr

to ensure processes are initially at steady state.

We transfer the acidity and alkalinity fluxes into the Mississippi River catchment (Figure 2) into
corresponding mass fluxes for each grid cell (Figure S7). The fraction of nitrogen pollution that
remains as acidity pollution (i.e., leaches from soils, see online methods and Figure S11) from
both fertilizer and atmospheric pollution is fed into the system as NH4sNO; — essentially the
compound does not affect the system trend as for both NH4NO3 and HNOs3, 1 mol of acidity is
released per mol of N. Lime is introduced in the model as a 80:20 (by alkalinity) mix of CaCOs3
and dolomite CaMg(CO3)2. SO pollution is inserted into the model domain as H>SOa.
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Figure S7: Input fluxes of lime and acidity generating compounds considered in the reactive transport code SCEPTER.

We suppress carbonate precipitations in the SCEPTER runs because (1) overall acidity inputs are
larger than alkalinity inputs (main text Figure 2), making precipitation of secondary carbonates
unlikely from a geochemical perspective, (2) there is considerable uncertainty for the threshold

oversaturation required for such precipitation to occur’®,

Example outputs of spatially explicit model outputs are shown in Figure S8, where fi1,xn and fi,dgifr
two different approaches to estimate the fraction of added acidity that reacts with bicarbonate to
produce CO; emissions (see online methods). As the model output demonstrates, both approaches
yield similar estimates both in terms of spatial distributions and absolute values. We calculate the
Mississippi average for these parameters as well as others to facilitate discussion at a catchment

level (Figure S9).
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Figure S8: Input fluxes of lime and acidity generating compounds considered in the reactive transport code SCEPTER.

The temporal dynamics of acidiy fluxes to and from the cation exchange complex (CEC) pool as
well as reacting with bicarbonate are complex and depend on land use history (Figure S9). In the
beginning of the record, acidity addition is larger than alkalinity addition with liming being
essentially absent (Figure 2). In this part of the record the CEC complex is an acidity sink, with
protons exchanging on CEC for base cations. When liming increases in the 1930s, releasing base
cations in top soils and reducing acidity-alkalinity imbalance, the CEC complex becomes an
acidity source as cations exchange with protons on CEC sites, increasing base saturation. This
process oscillates between CEC being an acid sink and source over time depending on how the
balance between acidity and alkalinity addition develops in a certain year. The seeming imbalance
in the mass balance in Figure S9a (more sources than sinks plotted) after ~1930 results from the

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

Because the CEC complex saturates with acidity in the beginning of the record, progressively less
protons are sorbed to CEC sites and more reacts with bicarbonate to produce CO., causing a
continuous increase in the CO; emissions flux until 1940. After this the dynamics become more
complex with acidity from direct pollution as well as the CEC complex and the input of lime as an

additional COz sink all modulating this flux.
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Figure S§9: Panel a) shows sources and sinks of acidity within the soil column considered in SCEPTER, with negative values
corresponding to acidity sinks and positive values as acidity sources. The cation exchange (CEC) pool acts both as a CO: source
and CO: sink depending on the relative inputs of acidity and cations in a given year. Panel b) shows the flux of acidity reacting
with bicarbonate to produce CO: relative to the input of acidity from pollution (blue line) and relative to the net acidity input also
accounting for fluxes from the CEC complex (yellow dash-dotted line). The acidity flux to/from the CEC complex relative to acidity
inputs from pollution is shown in orange (dashed line)

The relative fractions of the CO; flux normalized to acid input (Figure S9b) are used to calculate
acidity-based CO; budgets based on acidity input into the soil column. The flux of acidity reacting
with bicarbonate to produce CO> normalized by the net acidity addition (i.e., acidity pollution
accounting for the flux to/from the CEC pool) starts of around 1 in the early part of the record
before oscillating around 0.5 after 1960. Most acidity not adsorbing to CEC sites react to produce
CO; (ratio close to 1). As liming increases in the 1930s, this value drops because the reaction of
lime with protons is an additional acidity sink that emits CO, only at a 1:2 molar ratio (2 H"

required for 1 mol of CO, emissions, see equation 3 in the main text).
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Figure S10: Panel (a) shows how SO emissions and coal production have changed since 1900, and panel (b) shows the correlation
between both parameters for the pre-1955 period where the SO: data was used to modulate fsirong acia to demonstrate that to a large
extent, in that period, dynamics in SOz emissions reflect changes in coal production. After this period SOz emissions decreased
although coal production still increased (a), likely due to switching to coal with lower S content as well as the advent of industrial
flu gas desulfurization technologies (1970 clean air act). After ~2000, both coal production and SO: emissions have decreased,
following a new regression line with a lower slope (i.e., less SO2 emissions at same coal production).
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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 NHq to NO5 (nitrification) is assumed to dominate over plant uptake and groundwater losses, and losses to the atmosphere.

1) Al inputs of reduced N like urea (CO(NH>)2) or anhydrous ammonium (NH3) consume 1 mol H per mol N added to react to ammonia. Nitrification to NOs™ 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 NHy 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, N20, and NO during denitrification all consume 1H" per NOs". Similarly, production of NO and NO: from nitrification and NH4" volatilization all
consume 1 H" per mol N, at which point the process is acidity neutral as production of NHy4 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 NHy is quantitatively nitrified to NOs, and that the plant uptake fraction of NOs is approximated by the nutrient
use efficiency (NUE), with the remainder being split between denitrification and leaching.
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Figure S12: Fraction of US-wide atmospheric deposition of NOx and SO: 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.



