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• We assess the carbon-capture efficiency of
alkaline mineral dissolution in natural
waters

• We investigate the strong dependence of
the carbon-capture efficiency on the
water chemistry

• In the world topsoil, the efficiency ranges
from 0 to 100 % with an important
trade-off between carbon-capture effi-
ciency and enhanced chemical dissolution

• In the surface ocean, the efficiency is
around 80 % with a latitudinal pattern
induced by seawater temperature and
salinity
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Editor: Daniel Alessi
 Enhancedweathering (EW) is a promising negative-emission technology that artificially accelerates the dissolution of nat-
ural minerals, promotes biomass growth, and alleviates the acidification of soils and natural waters. EW aims to increase
the alkalinity of natural waters (alkalinization) to promote a transfer of CO2 from the atmosphere to the water. Here we
provide a quantification of the alkalinization carbon-capture efficiency (ACE) as a function of the water chemistry. ACE
can be used for any alkaline mineral in various natural waters. We show that ACE strongly depends on the water pH,
with a sharp transition fromminimum tomaximum in a narrow interval of pH values.We also quantify ACE in three com-
partments of the land-to-ocean aquatic continuum: the world topsoils, the lakes of an acid-sensitive area, and the global
surface ocean. The results reveal that the efficiency of terrestrial EW varies markedly, from 0 to 100 %, with a significant
trade-off in acidic conditions between carbon-capture efficiency and enhanced chemical dissolution. The efficiency is
more stable in the ocean, with a typical value of around 80 % and a latitudinal pattern driven by differences in seawater
temperature and salinity. Our results point to the importance of an integrated hydrological and biogeochemical theory to
assess the fate of the weathering products across the aquatic continuum from land to ocean.
Keywords:
Enhanced weathering
Negative-emission technology
Alkalinization
Natural waters
Soils
Ocean
1. Introduction

Among the several strategies that are being develop to sequester atmo-
spheric CO2 (Griscom et al., 2017; Pacala et al., 2018), Enhanced
Weathering (EW) has gained attention as a promising geoengineering
ni), aporpora@princeton.edu

June 2022; Accepted 2 June 2022
solution with large potential for CO2 removal and limited technological re-
quirement (Beerling et al., 2020; Köhler et al., 2010; Calabrese et al., 2022;
Hartmann et al., 2013). EW consists in spreadingfinely ground rocks rich in
alkaline minerals in environments where the mineral dissolution might be
favored, as in the acidic soils of croplands and forests (Hartmann et al.,
2013; Calabrese and Porporato, 2020). In addition to sequestering CO2,
the mineral dissolution provides important co-benefits, like counteracting
soil acidification and promoting biomass growth due to the addition of bi-
ological macronutrients such as calcium (Ca), magnesium (Mg) and
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phosphorus (P) (Beerling et al., 2018; Goll et al., 2021). Part of the mineral
dissolution products are then transported by the hydrologic cycle to surface
freshwaters and, eventually, the ocean, mitigating ocean acidification and
stably sequestering atmospheric CO2 for geological timescales (Renforth
and Henderson, 2017). A potential negative side effect of EW is the release
of heavy metals like nickel (Ni) and chromium (Cr) that can be present in
silicate rocks (Haque et al., 2020).

The negative-emission potential of EW relies on increasing the alkalin-
ity (alkalinization) of natural waters through mineral dissolution, thereby
promoting a transfer of CO2 from the atmosphere to the water. The effi-
ciency of such a CO2 transfer strongly depends on the water-chemistry con-
ditions where the alkalinization occurs. For example, at neutral pH's, the
dissolution of calcium carbonate (CaCO3) and wollastonite (CaSiO3)
promotes the formation of bicarbonates (HCO3

−) according to the well-
known reactions (Hartmann et al., 2013)

CaCO3 þ CO2↓þH2O ! Ca2þ þ 2HCO�
3 (1)

CaSiO3 þ 2CO2↓þ 3H2O ! Ca2þ þ 2HCO�
3 þ Si OHð Þ4: (2)

Differently, in the acidic soils of forest and fertilized crops, carbonate
formation is hampered (Hartmann et al., 2013; West and McBride, 2005)
and the mineral dissolution reactions can be summarized as in

CaCO3 þ 2Hþ ! Ca2þ þH2Oþ CO2 " , (3)

CaSiO3 þ 2Hþ þH2O ! Ca2þ þ Si OHð Þ4, (4)

where Eq. (3) shows that CaCO3 dissolution in acidic conditions releases
CO2 to the atmosphere. The loss of carbon-capture efficiency implied by
(3) and (4) has long been recognized (Hartmann et al., 2013; West and
McBride, 2005) and is the reason why the Intergovernmental Panel on
Climate Change (IPCC) conservatively assumes that all carbon involved in
agricultural liming is released to the atmosphere (Klein et al., 2006).

More generally, the two cases represented by (1)–(2) and (3)–(4) are
only two end members along a continuum of water-chemistry conditions
that correspond to different alkalinization carbon-capture efficiencies.
Notwithstanding its importance, a detailed quantification of the alkalin-
ization efficiency along this continuum is currently lacking. This has im-
portant consequences for the modeling of the carbon cycle as affected by
natural and artificially enhanced mineral weathering. For example, it is
actually unknown whether agricultural liming is a global source or sink
of atmospheric CO2 (Klein et al., 2006; Hamilton et al., 2007; Wang
et al., 2021). Furthermore, it is currently unclear how to quantify the
carbon capture-efficiency of EW applications as a function of the chem-
ical condition of the water solution both at the site of dissolution and
along the hydrologic pathway where the mineral dissolution cations
are transported.

To fill this gap, here we derive an analytical factor that quantifies the
variation in the Dissolved Inorganic Carbon (DIC) in the water in response
to a small increase in water alkalinity (Alk). We refer to this factor as the
Alkalinization Carbon-capture Efficiency (ACE). We show that ACE
can be used to: i) quantify the amount of CO2 captured per unit of alka-
linity added as a function of the water chemistry, either at the site of dis-
solution or at the hydrological site where the alkalinity is transported;
ii) quantify the carbon-capture efficiency of any specific mineral, in
turn indicated as ACEM; iii) generalize the dissolution reactions (1)–
(4) to account for the continuum of the water-chemistry conditions
(Appendix B).

Using ACE as a theoretical benchmark to assess EW efficiency, we pres-
ent evaluations of ACE across three main compartments of the aquatic con-
tinuum from land to ocean, namely the world topsoils, the freshwater lakes
of an acid-sensitive region, and the global surface ocean. The results high-
light an important trade-off of terrestrial EW in acidic conditions between
enhanced mineral dissolution and inefficient carbon capture. The effi-
ciency is more stable once the alkalinity reaches the ocean. We also
2

discuss how the hydrologic connectivity between these compartments
through groundwater and rivers remains one of the key open questions
that needs to be addressed to better define what fraction of the mineral
cations are transported along the hydrological cycle and what are the
timescales involved.

The paper is structured as follows: Section 2 defines the generic form of
the alkalinization carbon-capture efficiency (ACE) and the specific effi-
ciency of any mineral (ACEM); Section 3 explores the influence of typical
conditions of natural waters on ACE; Section 4 assess the influence of
large alkalinity perturbations; Section 5 presents and discusses the values
of ACE in the world topsoils, the lakes of an acid-sensitive region and the
surface ocean; Section 6 summarizes our main findings and the hydrologi-
cal and biogeochemical challenges for future research.
2. Theoretical considerations

We start by defining the general expression of the alkalinization carbon-
capture efficiency (ACE) as well as the specific efficiency for any mineral
(ACEM). The derivation of ACE is reported in Appendix A.
2.1. Alkalinization Carbon-capture Efficiency (ACE)

In a water solution in equilibrium with the atmosphere, the knowledge
of one between the water alkalinity and the water pH is sufficient to define
the concentrations of the aqueous carbonate species (Fig. A.6). A variation
inwater alkalinity (Alk) bymineral dissolution affects the water pH and the
amount of dissolved inorganic carbon (DIC) sequestered in the water. As a
result, the carbon-capture efficiency of alkalinization can be defined as the
variation of [DIC] driven by a small change in [Alk], where [⋅] indicate
molar concentration (M). ACE can be expressed as a function of the partial
pressure of carbon dioxide in the air (pCO2) and the water pH (pH=− Log
[H+]) as in

ACE ¼ d DIC½ �
d Alk½ � ¼

K1KHpCO2
Hþ½ � þ 2K2ð Þ

kpCO2
þ Hþ½ � K1KHpCO2

þ KW
� �þ Hþ½ �3 1þ f Bð Þ

, (5)

where K1 and K2 are the first and second dissociation constants of carbonic
acid, respectively, KH is Henry's solubility constant of CO2, k = 4K1K2KH,
and fB is a term indicating the influence of borates in seawater (Appendix
A). By quantifying the variation of [DIC] due to a small change in [Alk],
ACE provides an objective measure of the sensitivity of the concentration
of inorganic carbon in water to alkalinity. Conveniently, ACE varies be-
tween 0, when the alkalinity variation does not affect the amount of DIC
in the water, and 1, when the alkalinity increment corresponds to an
equal increment of DIC.Moreover, the definition of ACE is valid for any bio-
geochemical process that affects the water alkalinity (e.g., mineral dissolu-
tion or precipitation, nutrients uptake by biota, etc.). More broadly, many
factors that are obtained as the ratio of differentials of two variables of
the water-air system have been proposed in the oceanographic literature
so far (Frankignoulle, 1994; Egleston et al., 2010; Humphreys et al.,
2018; Middelburg et al., 2020), e.g., the well-known Revelle factor,
which is the ratio of the differentials of pCO2 and [DIC] (Revelle and
Suess, 1957). These factors are of extreme interest to oceanographers
and climate-change scientists, as they serve as rigorous tools to evaluate
the response of the ocean to natural and human-induced changes. The
factor (5) was previously used to evaluate the response of the ocean car-
bonate system to an input of acid rain (Frankignoulle, 1994). Because of
the recent interest in terrestrial EW, here we use ACE to quantify the ef-
ficiency of carbon capture by alkaline mineral dissolution both in seawa-
ter and freshwater, investigating how the different chemical conditions of
soil and surface freshwaters worldwide may affect the carbon-capture
efficiency.
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2.2. ACE of a Mineral (ACEM)

Based on the definition of ACE, we define the carbon-capture efficiency
of a given mineral (ACEM) as the CO2 captured in the aqueous solution per
molecule of mineral dissolved. In formula,

ACEM ¼ nMACE � CM, (6)

where the subscript M indicates that the parameter depends on the mineral
considered (see Table 1); CM is the number of carbon atoms contained in
the mineral molecule; and nM is the increase in alkalinity caused by a
molar increment in the amount of dissolved mineral. To evaluate nM, it is
convenient to express the alkalinity in terms of only species that are conser-
vative to changes in pressure, temperature, and pH (Zeebe and Wolf-
Gladrow, 2001; Wolf-Gladrow et al., 2007).

Alk½ � ¼ 2 Ca2þ
� �þ 2 Mg2þ

� �þ Kþ½ � þ Naþ½ �−2 SO2−
4

� �
−2 NO2−

3

� �
− Cl−½ � �…;

ð7Þ

where the ellipses indicate the possible presence of other conservative cat-
ions (+) or anions (−) in the water solution. From (7), it is evident that the
dissolution of a molar unit of CaCO3 or CaSiO3 increases water alkalinity by
2 M units as Ca2+ is added into the water, i.e., nCaCO3 = nCaSiO3 = 2.

Using the definition of ACEM,we can generalize themineral dissolution
reactions, like (1)–(4) for CaCO3 and CaSiO3, to account for the different
carbon-capture efficiencies as a function of the water chemistry. This is
shown and discussed in detail in Appendix B.

It is important to bear in mind that ACEM quantifies the carbon capture
that follows the mineral dissolution, but clearly does not address the time-
scales at which the dissolution takes place. These vary greatly as a function
of themineral and the environment considered. For example, artificial min-
erals (e.g., Ca(OH)2) rapidly dissolve in every natural water, offering a great
potential of rapid carbon sequestration (Renforth, 2019), while silicate
minerals (e.g., CaSiO3) need an environment that enhances the very slow
dissolution rates to be effective in timescale that are useful to climate-
change mitigation (Hartmann et al., 2013).

3. Influence of environmental conditions

Here we explore the influences on ACE of the air-water system parame-
ters (pH, pCO2 and temperature) for typical conditions of soil water, fresh-
water, and seawater.

3.1. Influence of pH and temperature for freshwater and seawater

The factor ACE, and consequently also the efficiency for the different
minerals, strongly depend on the water pH. In particular, as shown in
Fig. 1a, ACE undergoes a sharp transition between values close to zero
and a maximum (ACE≈ 1 for freshwater and ACE ≈ 0.9 for seawater) in
the pH range 4.5 to 6.5, which corresponds to the transition between
mineral-acidic and alkaline waters (Fig. A.6).

ACE is basically zero at pH<5 since, at these pH's, the carbonate ions
(HCO3

− and CO3
2−) do not form (see also Fig. A.6 and C.7). On the contrary,

ACE is maximized when the increase in alkalinity is associated with an in-
crement in the concentration of bicarbonate ions HCO3

− (i.e., for pH >
Table 1
ACEM and related parameters for some common natural minerals and artificial ma-
terials. ACEM is reported as [minimum, maximum].

Mineral n C ACEM

CaSiO3 2 0 [0,2]
Mg2SiO4, Fe2SiO4 4 0 [0,4]
CaCO3, MgCO3 2 1 [−1,1]
CaMg(CO3)2 4 2 [−2,2]
Ca(OH)2, Mg(OH)2 2 0 [0,2]
CaO, MgO 2 0 [0,2]

3

pK1). This maximum of ACE is rather flat and forms a plateau, which is
broader for freshwater than seawater. At even higher pH, ACE decays
again to≈0.5 (at pH>pK2) as bicarbonates (HCO3

−) are substituted by car-
bonates (CO3

2−).
Even though the trend of ACE is qualitatively similar for seawater and

freshwater, there are substantial quantitative differences. Regarding the
maximum of ACE, while in freshwater the variation in alkalinity may be
completely associatedwith the carbonate buffer (max of ACE≈ 1), in seawa-
ter the variation in alkalinity is partially associated with the borate buffer
(max of ACE < 1). This effect is stronger at higher temperatures because
the CO2 solubility decreases and the ratio of total borates (conservative to
temperature variation) to DIC (non-conservative) increases.

The difference in the plateauwidth of themaximumof ACE is instead due
to the different dissociation constants for carbonic acid in freshwater pK1,
pK2, i.e., thermodynamic constants in the approximation of diluted waters,
and seawater pK1

∗, pK2
∗, i.e., stoichiometric constants accounting for salinity.

Specifically, since pK2
∗ < pK2, which indicates that seawater has a much

higher concentration of CO3
2− than freshwater at the same pH, the decay of

ACE from the plateau occurs at lower pH values for seawater. This is an im-
portant factor in reducing the carbon capture efficiency in the ocean and pro-
vides an analytical quantification of the loss of efficiency in seawater thatwas
previously pointed out (Köhler et al., 2010; Kheshgi, 1995).

3.2. Influence of pCO2 and implications for EW in soils

Beside pH and temperature, the other parameter affecting ACE is the
pCO2, i.e., the concentration of CO2 in the air. Some of the largest ranges of
pCO2 are found in soils, where, due to biotic respiration, pCO2 can be much
higher than the typical atmospheric values. This is one of the reason soils
are considered as a convenient environment for EW (Hartmann et al., 2013).

Fig. 1b shows a 2D plot of ACE as a function of pH and pCO2. The pCO2
weakly affects the pH region of transition between the ACE minimum and
maximum, which is around the transition between alkaline and acidic wa-
ters, i.e., pH0. To an increase in pCO2 there corresponds a shift in the lower
limit of the pH interval where ACE is maximized. Recalling that a lower
pH would favor the mineral weathering, these results suggest that the soil
is a very efficient environment for EW. Furthermore, as shown in the Supple-
mentary (Fig. S2), the possible presence of other weak acids or bases in the
soil water solution (e.g., phosphoric acid) has only a minor effect on ACE.

However, it is important to stress that the carbon capture efficiency of
the alkaline cations is bound to their permanence in the soil water solution,
which, in the highly dynamic soil environment, may be altered by biotic
and abiotic processes such as plant uptake and adsorption by colloids
(Calabrese et al., 2022; Amann et al., 2020).

4. Influence of alkalinity perturbation

The definition of ACE is exact for a small perturbation of alkalinity
(d[DIC]/d[Alk]) and is likely useful for most environmental purposes,
wherein large variations in the water chemistry are undesired to mini-
mize the impact on the aquatic biota. Nonetheless, for EW applications
in very acidic soils, where a large increase in pH can be actively sought,
it is worth comparing how the carbon capture efficiency varies with a
large alkalinity perturbation (Δ[DIC]/Δ[Alk]).

Since for a natural water in equilibrium with the atmosphere, the
knowledge of one among Alk, DIC and pH is sufficient to define the others,
it is possible to evaluate the difference in DIC (Δ[DIC]) and pH (ΔpH) that
follows an alkalinity addition (Δ[Alk]) for a given initial condition. This can
be done numerically using the equations reported in Appendix A. Fig. 2
shows the results for a freshwater. The gray-shaded region marks where
Δ[DIC]/Δ[Alk] deviates from ACE. The lower edge of this region hence de-
fines, as a function of the initial pH, how large the alkalinity perturbation
can be for ACE definition to hold.

Fig. 2 shows that ACE is a very good approximation of Δ[DIC]/Δ[Alk]
even for large alkalinity additions for most of the initial pH values. The
only exception iswhen thewater pH is around pH0, namely in the transition



Fig. 1. Alkalinization carbon-capture efficiency (ACE) as a function of the water chemistry. (a) ACE and ACEM for CaCO3 and CaSiO3, as a function of pH for freshwater
(green) and seawater (light blue) in equilibrium with the atmosphere (pCO2 = 4 ⋅ 10−4 atm). Temperature effect for freshwater is negligible (not shown). pK1, pK2 and
pK1

∗, pK2
∗ are the dissociation constants of carbonic acid for freshwater and seawater, respectively (labelled in the upper axis for T = 25°C and average ocean salinity

35 ‰). (b) Contour plot of the factor ACE in the plane {pH,pCO2} for a soil freshwater. The black dashed line (pH0) separates alkaline and mineral-acidic waters
(i.e., [Alk] = 0).
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region betweenmineral acidic and alkaline waters. In this case, a relatively
small alkalinity addition (10 to 100 μMeq) is sufficient to shift the water
chemistry from the conditions thatminimize ACE to the ones thatmaximize
it (following the trend in Fig. 1a). In otherwords, a finite alkalinity addition
to an initially slightlymineral-acidicwater increases thewater pH consider-
ably, leading to conditions that are favorable to carbonate formation and
therefore Δ[DIC]/Δ[Alk] > ACE. Besides this exception, the fact that ACE
is generally a good estimate of Δ[DIC]/Δ[Alk] supports ACE applicability
for most practical purposes. Hence, in the following section, we use ACE
to evaluate the efficiency of natural waters' alkalinization for some com-
partments of the land-to-ocean aquatic continuum.

5. ACE in soils, lakes, and oceans

Some dissolution products are taken up by ecosystems in the terrestrial
site of mineral application, while some are transported by the hydrological
Fig. 2. Carbon-capture efficiency of a large alkalinity perturbation (Δ[DIC]/Δ[Alk])
as a function of the initial pH and the amount of added alkalinity (freshwater in
equilibrium with the atmosphere at standard conditions). Dashed contours define
the increase in the pH (ΔpH) caused by the alkalinity addition. The gray-shaded
area marks where Δ[DIC]/Δ[Alk] deviates from ACE, specifically Δ[DIC]/Δ[Alk]−
ACE > 0.1.

4

cycle to surface waters and, eventually, the ocean. The timescale and inten-
sity of this transport are open questions that critically depend on the hydro-
logic connectivity of the mineral application site to surface water bodies
across the watersheds and the fluvial network. Here we adopt a simplified
approach where we provide evaluations of ACE for three main compart-
ments in the hydrologic continuum, namely topsoils, lakes and the surface
ocean, wherein near equilibrium conditions can be reasonably assumed.
These first assessments of EW efficiency may serve as benchmarks for sub-
sequent, more detailed analyses that include hydrologic connectivity and
biogeochemical processes.

Specifically, we present a global analysis of topsoils, where we combine
the evaluation of the carbon capture efficiency with considerations on min-
eral dissolution kinetics; a local analysis for the freshwater lakes of an acid-
sensitive region; and a global analysis of the surface ocean.

5.1. A global topsoil analysis

We first evaluate the global pattern of ACE in the world topsoils and an-
alyze the influence of the hydroclimatic forcings on the mineral dissolution
rates. Used data and methods are reported in Appendix C. Because a suffi-
ciently wet and warm soil environment is required for the weathering of
minerals, silicates in particular, mostly temperate-humid and tropical re-
gions are suitable for EW applications (Hartmann et al., 2013; Calabrese
and Porporato, 2020). Within these regions, the results show that ACE
varies greatly (Fig. 3a). It is maximized in mildly acidic or alkaline areas
(e.g., Central Europe, Eastern Asia) and minimized in very acidic soils
(e.g., central Amazon, Northeastern United States).

This pattern of carbon-capture efficiency per unit of alkalinity is oppo-
site to the tendency of the minerals to dissolve. That is, in the acidic soils
where ACE = 0, the mineral dissolution rates are much higher than in
the alkaline soils where ACE = 1 (Fig. 3b). This results in an important
trade-off between carbon capture efficiency and enhanced chemical disso-
lution. Since temperature also affects the dissolution rate, tropical acid
soils are the most effective environment in terms of enhanced mineral dis-
solution. In these soils, however, not only the carbon capture efficiency in
the soil water is hampered by the low pH values, but also a good fraction
of the mineral cations may be lost to ecosystem uptake due to the high bio-
mass density and the relative deficiency of alkaline nutrients.

These results suggest that the efficiency of EW in the acidic soils, where
mineral dissolution rates are maximized, may be constrained to three pos-
sible scenarios: i) the EW application leads to a large alkalinity perturbation
rising the soil water pH to values that are favorable to carbonate formation,
as shown in Fig. 2; ii) the ecosystem uptake of alkaline nutrients mitigates a
nutrient deficiency and promotes additional biomass growth, increasing
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the biotic carbon stock of forests (Taylor et al., 2021) or the yield of crops
(Kelland et al., 2020); iii) the mineral cations are transported by the hydro-
logical cycle from the acidic soil water to another water solution, where
they can actively transfer atmospheric CO2 to the water.

This raises the question regarding the fraction of themineral dissolution
products that is hydrologically transported, as well as of the timescales in-
volved in this transport. Answering these questions is complicated by the
partial decoupling of the cation transport and the hydrological cycle, due
to ecosystemuptake and soil adsorption (Calabrese et al., 2022). In this per-
spective, a recent one-year mesocosm experiment has shown that only a
minor fraction of the Mg2+ released by olivine dissolution actually leached
from the root zone (Amann et al., 2020). Since biotic and abiotic uptake
could potentially affect the mineral cation transport from the root zone to
the ocean, through aquifers, riparian areas and the entire river network, fur-
ther theoretical andfield research is needed to assess the fate ofmineral cat-
ions and their related carbon-capture efficiency in view of the couplings
between hydrological and biogeochemical cycles.

5.2. Acid-sensitive lakes

Lakes are both an intermediate step in the transport of mineral cations
from the soils to the ocean and a direct target of EW (mostly CaCO3) to
counteract their acidification (Mant et al., 2013; Menz and Seip, 2004).
We consider here the lakes in the American Northern Atlantic coast,
5

which are still in a recovering phase from past natural (i.e., organic acids)
and anthropic (i.e., acid rains) acidification (Clair et al., 2011). These
water bodies have been considered as potential candidates for EW applica-
tions (Sterling et al., 2014).

To highlight how the EW solution could change the dissolved inorganic
carbon in these types of lakes, we calculatedACE for 156 lakes in this region
assuming a small alkalinity variation and long-term equilibriumwith the at-
mosphere, i.e., neglecting possible seasonal fluctuations of the CO2 satura-
tion state. Since we do not consider the organic buffer of the lakes, the ACE
presented here is only an upper bound for the actual efficiency of the
mineral cations. The results, shown in Fig. 4, indicate how the different
lake pH's drive the carbon capture efficiency. In lakes with lower pH, the
increase in alkalinity due to mineral cations does not promote any carbon
capture in the lake water, implying that for carbonate minerals
(e.g., CaCO3), there would be a loss of carbon toward the atmosphere as
ACEMCaCO3 = − 1 from (6). To the purpose of climate mitigation, there-
fore, non‑carbonate minerals should be preferred, but challenges persist
on the slow dissolution of silicate minerals and the extremely fast dissolu-
tion of artificial materials (e.g., slack lime), which can cause burst in the
water pH that are harmful to the aquatic biota. Regarding the residence
time of the mineral nutrients in lakes, this crucially depends on the lake hy-
drologic connectivity to the stream network and the groundwater. Usually,
there is a positive correlation between the water and the nutrient residence
times, e.g., both residence times decrease with increasing hydrologic
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connectivity of the lake. However, the high biological activity of some lakes
can favor a biogeochemical recycling of the mineral cations that limits their
downstream transport (Covino, 2017). This calls for further analyses that
couple physical and biogeochemical controls on the fate of the mineral dis-
solution products in lentic systems.

5.3. Surface ocean

The ocean absorbs around a third of the anthropogenic CO2 emissions,
with a related 0.1 reduction in pH since preindustrial times which raises se-
rious concerns for marine biology (Gattuso and Hansson, 2011; Gruber
et al., 2019). The alkalinization of the ocean by mineral dissolution
would counteract such a trend and, at the same time, increase the CO2 se-
questration potential of the ocean, which is stable for geological timescales
(≈1000 kyr, (Renforth and Henderson, 2017)). For example, direct local
injections of alkalinity are being evaluated as a way to protect the Great
Barrier Reef from acidification (Mongin et al., 2021).

As previously pointed out (Köhler et al., 2010), due to the ocean chem-
istry and in particular to the relatively high ratio of carbonate to bicarbon-
ates, the carbon-capture efficiency of the mineral cations never reaches
unity (Fig. 1a) and ACE≈ 0.83 for average conditions of seawater temper-
ature (20 °C), salinity (35 ‰) and pH (≈8.1). To further investigate the
spatial pattern of the efficiency, we calculated the global distribution of
ACE in the surface ocean.
Fig. 5.Map of ACE in the surface ocean (30 m). Climatology data of DIC and Alk (1× 1
Wallace, 1998), are from the GLODAP project (Olsen et al., 2019; Olsen et al., 2020); te
(Locarnini et al., 2018; Zweng et al., 2019).

6

The results, shown in Fig. 5, outline a latitudinal trend for ACE that is
induced by differences in temperature and salinity. In particular, colder
and fresher waters in arctic and antarctic latitudes favor the carbon capture
efficiency (ACE≈ 0.9), compared to warmer and saltier waters in tropical
and temperate latitudes (ACE ≈ 0.8). This difference in efficiency results
from the combined effects of higher CO2 solubility at lower temperatures,
and lower ratio of carbonate to bicarbonates in fresher waters (i.e., higher
value of pK2

∗). An average value of ACE ≈ 0.8 can be used as a reference
for EW applications in tropical and temperate latitudes, where the mineral
dissolution is favored by the higher temperatures.

6. Discussion and conclusions

The theoretical quantification of the carbon-capture efficiency of water
alkalinization (ACE) as a function of the water chemistry is a critical step to
evaluate the potential of EW in soils and surfacewaters. The spectrum of ap-
plications covers any soluble alkaline mineral or material (ACEM) in a vari-
ety of natural waters.

The results have pointed out the strong dependence of ACE on thewater
pH (Fig. 1). In particular, ACE is minimum in acidic waters (pH<5), and is
maximum in alkaline waters where the formation of HCO3

− is favored. In
the sharp transition from minimum to maximum, ACE is very sensitive to
variations of freshwater pH, which within the range 5 to 6 changes the
ACE from 0.05 to 0.85. In this transition range, however, a relatively
1

0.8

0.9

0.85

0.75

ACE

0.95

), which have been converted to pCO2 and pH through CO2SYM software (Lewis and
mperature and salinity data (2005–2017 averaged) are from the World Ocean Atlas
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Fig. A.6. Aqueous carbonate system and alkalinity [Alk] as a function of pH for a
surface freshwater in equilibrium with the atmosphere (pCO2 = 4 ⋅ 10−4 atm).
[H-Acy] is the mineral acidity, i.e., [H-Acy] = −[Alk] when [Alk]<0 Stumm and
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line ([Alk]>0) conditions is pH0 ≈ 5.6 for a surface freshwater in equilibrium with
the atmosphere. Equilibrium constants are evaluated after (Stumm and Morgan,
2012) for standard conditions.
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small alkalinity addition (≈100 μMeq) is sufficient to increase the water pH
to values that are favorable to carbonate formation (Fig. 2).

ACE variability implies that EW may produce very different results in
terms of carbon capture depending on the water conditions where the min-
erals are dissolved (Fig. 3a and 4). In particular, regarding terrestrial EW in
the acidic soils where the mineral dissolution rates are usually maximized,
there is an important trade-off between carbon capture efficiency and en-
hanced mineral dissolution (Fig. 3). To be efficient in acidic soils, EW should
either promote a large pH variation that leads to carbonate formation, or in-
crease the biotic carbon stock by favoring additional biomass growth. Alter-
natively, the efficiency of EW in these soils may be constrained to the
transport of themineral dissolution cations to the ocean, where the efficiency
is more stable ranging from 0.75 to 0.9 depending on seawater temperature
and salinity (Fig. 5). In particular, the carbon capture efficiency is lower in
tropical and temperate latitudes (≈0.8) than in polar latitudes (≈0.9).

Assessing what fraction of the mineral dissolution products would be
transported from soils to the ocean, and with which timescales, is not
trivial. From the root zone to the ocean, through watersheds and the river
network, several abiotic (e.g., soil adsorption) and biotic (e.g., plant up-
take) processes could partially decouple the mineral cation transport and
the hydrological cycle. Combining these considerations with ACE for soils
and the surface ocean will help assess the efficiency trade-off between ter-
restrial enhanced weathering, where the mineral dissolution rates are
higher but the carbon capture efficiency is less stable, and the direct
ocean alkalinization, where the dissolution rates are lower but the carbon
capture efficiency is stable for geological timescales.

In view of more comprehensive assessments of EW efficiency, the eval-
uations of ACE for soils, lakes and oceans, provide the necessary bench-
marks for the quantification of EW efficiency in terms of inorganic carbon
sequestered in the water. In particular, the results reveal the importance
of hydrological connectivity for EW and call for developing integrated bio-
geochemical and hydrological theories (Li et al., 2021; Regnier et al., 2022)
to quantify the timescales of the mineral cation transport along the hydro-
logical cycle and investigate the role of ecosystem uptake and soil adsorp-
tion. These theories and models will clearly need to be combined with
field analysis at different spatial and temporal scales to determine the actual
mineral cation transport rates and the feedbacks of the biosphere.
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Appendix A. Derivation of ACE

We derive the alkalinization carbon-capture efficiency (ACE) starting
from the definitions of dissolved inorganic carbon (DIC) and alkalinity
(Alk). Alkalinity is here defined in terms of carbonates and borates, since
these are the most important weak acids commonly present in natural wa-
ters (Zeebe and Wolf-Gladrow, 2001; Morel and Hering, 1993; Stumm and
7

Morgan, 2012). In the Supplementary Information, we report a more broad
derivation of ACE accounting for the possible presence of other weak acids
or bases in the alkalinity definition. We use a quasi-steady approximation,
wherein the mineral dissolution is the time-limiting step, and hence con-
sider equilibrium conditions of the water-air system.
Dissolved inorganic carbon (DIC) and alkalinity (Alk) read

DIC½ � ¼ HCO�
3

� �þ CO2�
3

� �þ CO2½ �, (A.1)

Alk½ � ¼ HCO�
3

� �þ 2 CO2�
3

� �þ B OHð Þ�4
� �þ OH�½ � � Hþ½ �, (A.2)

where the square brackets indicate molar concentration (M); [CO2] is the
sum of carbon dioxide in aqueous form [CO2(aq)] (>99.5%) and the true
undissociated carbonic acid [H2CO3] (<0.5%). At equilibrium, [CO2] is re-
lated to the partial pressure of carbon dioxide in the air phase (pCO2)
through Henry's law

CO2½ � ¼ KHpCO2
, (A.3)

where KH is Henry's solubility constant (M/atm). The ions in (A.1) and
(A.2) arise from the reactions

CO2 þH2O ⇌
K1

Hþ þHCO�
3 ⇌

K2
2Hþ þ CO2�

3 , (A.4)

H2O ⇌
Kw

Hþ þOH� , (A.5)

B OHð Þ3 þ H2O ⇌
KB

B OHð Þ�4 þ Hþ, (A.6)

where K’s are equilibrium constants (evaluated after (Stumm and Morgan,
2012) for freshwater and (Zeebe and Wolf-Gladrow, 2001) for seawater).
All quantities in the aqueous system above can be expressed analytically in
terms of only two components; choosing pCO2 and pH (pH = − Log[H+])
as independent variables, one can write [DIC] and [Alk] as (Zeebe and
Wolf-Gladrow, 2001; Morel and Hering, 1993; Stumm and Morgan, 2012).

DIC½ � ¼ KHpCO2
1þ K1

Hþ½ � þ
K1K2

Hþ½ �2
 !

,
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Alk½ � ¼ K1KHpCO2

Hþ½ � þ 2K1K2KHpCO2

Hþ½ �2
þ . . .

. . .
BT½ �KB

Hþ½ � þ KB
þ Kw

Hþ½ � � Hþ½ �,

where [BT] is the total boron concentration, which is related to seawater
salinity (S) through [BT] = 4.16 ⋅ 10−4S/35 (M) (Zeebe and Wolf-Gladrow,
2001). [BT]≈ 0 in freshwaters. We can then evaluate [DIC] and [Alk] differ-
entials with respect to a variation in [H+] (constant pCO2) as

d DIC½ � ¼ ∂ DIC½ �
∂ Hþ½ � d Hþ½ �, d Alk½ � ¼ ∂ Alk½ �

∂ Hþ½ � d Hþ½ �, (A.7)

where ∂ ⋅ /∂⋅ indicates partial differentiation and

∂ DIC½ �
∂ Hþ½ � ¼ � K1KHpCO2

Hþ½ � þ 2K2ð Þ
Hþ½ �3

, (A.8)

∂ Alk½ �
∂ Hþ½ � ¼ � kpCO2

þ Hþ½ � K1KHpCO2
þ KW

� �þ Hþ½ �3
Hþ½ �3

� f B: (A.9)

Further taking the ratio of the two differentials yields the sought mea-
sure of efficiency, i.e., Eq. (5) in the main text. The contributions of borates
to ACE for seawater reads

f B ¼ KB

Hþ½ � þ KBð Þ2
BT½ �: (A.10)

Appendix B. Fractional reaction equations

As exemplified by the reactions (1)–(4), the dissolution of a mineral can
lead to different reaction products depending on the water chemistry
where the dissolution occurs. In particular, the two cases represented by
(1)–(2) and (3)–(4) for CaCO3 and CaSiO3 dissolution are the two endmem-
bers along a continuum of water-chemistry conditions that correspond to
different alkalinization carbon-capture efficiencies. It is possible to account
for this water-chemistry continuum by writing the dissolution equations
with variable coefficients as (Hofmann et al., 2010)

CaCO3 þ 2 � ηHð ÞHþ þ ACEMCaCO3 CO2↓þ x1H2O
! Ca2þ þ 2η1HCO�

3 þ 2η2CO2�
3 , (B.1)

CaSiO3 þ 2 � ηHð ÞHþ þ ACEMCaSiO3CO2↓þ x2H2O
! Ca2þ þ 2η1HCO�

3 þ 2η2CO2�
3 þ Si OHð Þ4, (B.2)

where x1 = η1 + ηH and x2 = η1 + ηH + 2. Hofmann (Hofmann et al.,
2010) referred to this type of equations as fractional reaction equations, be-
cause the stoichiometric coefficients are usually fractions, as opposed to
the integer reaction equations, like (1)–(4), where the stoichiometric coeffi-
cients are integer.

Theoretically, (B.1)-(B.2) provide an infinite number of possibilities to
write the mineral dissolution equations that are all stoichiometrically cor-
rect, provided that the mass balances of the different elements are satisfied.
However, only certain sets of the stoichiometric coefficients have chemical
meaning. These coefficients are in fact defined by the specific response of
the aqueous carbonate species of interest to the small alkalinity addition
by the mineral dissolution. Hence, as done for ACE derivation, we can
define

η1 ¼
d HCO�

3

� �
d Alk½ � ¼ K1KHpCO2

Hþ½ �
kpCO2

þ Hþ½ � K1KHpCO2
þ KW

� �þ Hþ½ �3
, (B.3)

η2 ¼
d CO2�

3

� �
d Alk½ � ¼ 2K1K2KHpCO2

kpCO2
þ Hþ½ � K1KHpCO2

þ KW
� �þ Hþ½ �3

, (B.4)
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ηH ¼ d Hþ½ �
d Alk½ � ¼ � Hþ½ �3

kpCO2
þ Hþ½ � K1KHpCO2

þ KW
� �þ Hþ½ �3

, (B.5)

where the formulas are reported for freshwater ([BT] ≈ 0). Note that the
variation in [OH−] is not reported because it is always negligible.

Fig. C.7 shows how η1, η2 and ηH vary as a function of the water pH.
When the water is acidic (pH < 5), the alkalinity addition consumes acidity
(ηH≈− 1) and does not promote aqueous carbonate formation (η1≈ η2≈
0). Therefore, (B.1)-(B.2) reduce to (3)–(4). When the water is slightly alka-
line (6 < pH < 8), the alkalinity addition promotes bicarbonates formation
(η1 ≈ 1) and does not affect the concentration of H+ or CO3

2− (ηH ≈ η2 ≈
0). Therefore, (B.1)-(B.2) reduce to (1)–(2). Using the same definitions
(B.3)-(B.5), it is possible to generalize the dissolution reaction of any alka-
line mineral of interest.

Appendix C. Data and methods for topsoil application

To evaluate ACE in the world topsoils, we used soil pH data from
(Wieder et al., 2014) and we estimated the pCO2 in the soil air from data
of evapotranspiration, following (Brook et al., 1983; Kessler and Harvey,
2001). Evapotranspiration is a convenient proxy for plant biomass, which
in turn is correlated to the amount of soil CO2 generated by decomposition
of organic material. Global maps of soil pH and pCO2 are in the Supplemen-
tary Material (Fig. S3 and S4).

To assess suitable environments for EW applications and the influence
of the hydroclimatic forcings on the dissolution rate, we also used data of
temperature, evapotranspiration, rainfall, soil moisture and potential
evapotranspiration that are 2000–2020 averages from the Global Land
Data Assimilation System (Rodell et al., 2004).

Following (Lasaga, 1984; Cipolla et al., 2021), we considered that the
mineral dissolution rates scale with temperature, soil moisture and pH as

r ∝ s Hþ½ �θ exp �E=RTð Þ, (C.1)

where s is the time-averaged relative soil moisture. Temperature affects the
dissolution rate through an Arrhenius equation, where A = 60 kJ/mol is
themean activation energy andR=8.31 J/(mol K) is the ideal gas constant
(Lasaga, 1984). The activity of the hydrogen ion is approximated with its
concentration (θ=1). The results for Fig. 3b are then normalized by intro-
ducing the proportionality constant r0 so that min(r/r0) = 1. The biotic in-
fluence on the mineral dissolution rate (Vicca et al., 2022) is only
considered through the abiotic drivers soil moisture and temperature.
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Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.156524.
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