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A B S T R A C T

Carbonate weathering and transfer of carbon towards the coastal zone is one of the relevant sinks for atmo-
spheric CO2, controlled by hydrology, ecosystem respiration, river water degassing, and further factors.
Specifically, the connection between the soil-rock system to the river systems and instream processes affecting
the weathering product fluxes remain under-researched. Based on constraints for soil-rock PCO2, river PCO2, and
an identified dependence of river alkalinity on temperature, this work tested which controls should be con-
sidered at the global scale to accomplish a more holistic carbonate rock weathering model. Compiled river data
suggests that with increasing land temperature, above approximately 11 °C, the amount of instream alkalinity in
carbonate catchments decreases due to the temperature effect on the carbonate system, while the converse holds
true at lower temperatures. Latter is in accordance with calcite dissolution controlled by soil-rock PCO2 esti-
mates based on ecosystem respiration. In addition, the type of the weathering system (open, semi-closed to
closed system with respect to CO2) was identified to be highly relevant for global weathering estimations. Open
systems seem to be the most dominant boundary condition of calcite weathering in the soil profile. Tropical areas
with thick soil layers, however, cause the carbonate weathering system to shift from open to semi-closed or
closed system conditions. The findings support that calcite weathering fluxes in the soil profile are higher than
the fluxes to the ocean transported by rivers. Furthermore, an increase in mean land temperature does not
necessarily translate into an increase of lateral weathering fluxes because it might have an influence on soil
development, discharge, CO2 degassing, soil respiration and calcite dissolution. All these named factors need to
be addressed to be able to quantify global carbonate weathering fluxes and to assess the sensitivity of carbonate
weathering fluxes on climate variability. Future works should focus on collecting more temporal river chemistry
data, mainly in tropical regions, to understand the main mechanism causing the observed decrease of alkalinity
concentration with temperature.

1. Introduction

Chemical weathering is a key component of the processes transfer-
ring chemical species from the continents to the oceans (Berner et al.
1983; Kempe 1979a; Mackenzie and Garrels 1966; Walker et al. 1981).
Numerous studies have shown that continental weathering is sensitive
to environmental parameters (e.g. temperature, hydrology and vege-
tation) for a large variety of temporal scales (Calmels et al. 2014; Egli
et al. 2008; Norton et al. 2014; White and Blum 1995). Specifically, the
weathering of carbonate minerals, one of the most abundant minerals at
the Earth surface (Hartmann et al. 2012; Hartmann and Moosdorf
2012), shows the highest weathering rates besides evaporites in com-
parison to most abundant lithological classes (Amiotte-Suchet and
Probst 1993; Amiotte-Suchet and Probst 1995; Bluth and Kump 1994;

Moosdorf et al. 2011). Carbonate weathering does not act as a sink for
atmospheric CO2 over geological timescales (Arvidson et al. 2006;
Berner et al. 1983; Kempe 1979b). It impacts, however, the distribution
of carbon between ocean and atmosphere at timescales below the
mixing time of the ocean, shorter than 105 years (Berner and Berner
2012; Martin 2017). Although mapped sedimentary carbonate rocks
cover only 10 to 14% of the terrestrial surface, excluding the area of ice
shields (Dürr et al. 2005; Hartmann and Moosdorf 2012), carbonate
rock weathering contributes about 50% to 60% to the dissolved pro-
ducts from rock weathering (Gaillardet et al. 1999; Meybeck 1987).
This high proportion is because non‑carbonate dominated lithological
classes like mixed sediments, siliciclastic sediments, metamorphic rocks
and felsic intrusive rocks contribute to carbonate weathering fluxes in
addition (Hartmann et al. 2014b). Moreover, it had been estimated that
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carbonate weathering might be responsible for 34% to 50% of the
global CO2 consumption at short time scales (Gaillardet et al. 1999;
Hartmann et al. 2009). One of the key processes controlling carbonate
weathering flux in carbonate dominated lithologies is the partial pres-
sure of CO2 (PCO2) in the soil (Calmels et al. 2014). In this system,
organisms play an important role for weathering through the soil pro-
file, concentrating the CO2 and organic acids and providing more pro-
tons for weathering reactions (Kuzyakov 2006).

In the past, research on global land-ocean carbonate weathering
fluxes focused on the rate of CO2 uptake by chemical weathering at the
global scale (Amiotte-Suchet and Probst 1995; Dupré et al. 2003;
Hartmann et al. 2009; Hartmann et al. 2014b), applying functions
based on empirical relationships with runoff, temperature, and soil
properties (Amiotte-Suchet and Probst 1993; Bluth and Kump 1994;
Hartmann et al. 2014b), while others have employed mechanistic
models based on kinetic theory, chemical equilibrium and hydrological
models, forced by ecosystem numerical models (Beaulieu et al. 2012;
Goddéris et al. 2013; Goddéris et al. 2006; Roelandt et al. 2010). Al-
though both types of model approaches aimed to calculate the total
weathering flux to the ocean, and the CO2 consumption by chemical
reactions, the two approaches have significant differences. The func-
tions based on observed relationships, phenomenological models, are
the most simple and easy to apply in global calculations, e.g. in Earth
system models (Goll et al. 2014). However, the principal disadvantage
with the current phenomenological models is that generally a constant
alkalinity concentration for carbonate weathering is assumed, in-
dependent of the temperature and soil-rock CO2 concentration. Some-
times dilution effects for high runoff areas are addressed (Bluth and
Kump 1994). On the other hand, the mechanistic models are often more
computationally expensive and generally applicable at the local scale
(Goddéris et al. 2006), and annual calculations for carbonate weath-
ering are limited due to fast calcite dissolution, which force to decrease
the time step for each calculation, while increasing significantly the
computational time (Roland et al. 2013).

Furthermore, Gombert (2002) calculated the maximum carbonate
dissolution by applying simplified equilibrium equations and a soil-rock
PCO2 function based on annual evapotranspiration from Brook et al.
(1983). A soil-rock PCO2 representation for the averaged conditions in
the critical zone provides the ability to address the dynamics of
weathering driven by ecosystem respiration. The advantage of using
equilibrium equations over kinetics is that its numerical solution re-
duces the computational time, comparable to those of the application of
phenomenological approaches in global weathering models. However,
the applied PCO2 equation based on annual evapotranspiration (Brook
et al. 1983) in Gombert (2002) has some disadvantages for low tem-
perature regions and may not address the role of soil water content
enough, which is relevant for CO2 production in the soil system
(Romero-Mujalli et al. 2018).

Carbonate dissolution is a dynamic process and variations on
timescale of hours are documented as well as fast precipitation de-
pending mainly on the concentration of CO2 in the aquatic system
(Calmels et al. 2014; Pu et al. 2013; Roland et al. 2013; Serrano-Ortiz
et al. 2010). Moreover, the kinetics of the reactions involved in car-
bonate dissolution are fast enough to reach equilibrium in 3 h in la-
boratory experiments (Dreybrodt et al. 1996; Reddy et al. 1981), im-
plying that in the critical zone (soil-rock) the system could easily reach
equilibrium with respect to a given PCO2. Consequently, the con-
centration of carbonate weathering products in water leaving the soil-
rock-system might be calculated based on equilibrium considerations
using information on the soil-rock PCO2 (Romero-Mujalli et al. 2018).

Pu et al. (2013) studied groundwater in karstic areas and they found
that the water was always over-saturated with respect to calcite, and
soil CO2 production was driving seasonal hydrochemical variations in
those waters. The highest PCO2 in water occurred during the warm
season. Moreover, Calmels et al. (2014) established that the chemical
weathering gradient observed in the Jura Mountains can be explained

by spatial variations in the amount of CO2 in soils. The CO2 in soils is
produced by a combination of different processes, which include mi-
crobial activity, root respiration and dissolution of carbonate by acids
(Edwards et al. 1973; Kuzyakov 2006; Li et al. 2008; Wang et al. 2015).

Difficulties while modelling global carbonate weathering may arise
because: (i) often only calcite dissolution is considered, excluding other
minerals that influence weathering fluxes (Gombert 2002); (ii) global
approaches do not account for carbonate weathering influenced by
strong acids, like sulphuric acid, in general (Beaulieu et al. 2011;
Calmels et al. 2007; Calmels et al. 2014; Hercod et al. 1998; Spence and
Telmer 2005; Torres et al. 2017); (iii) runoff based functions do not
account for differences in soil-rock PCO2 and temperature (Amiotte-
Suchet and Probst 1995; Bluth and Kump 1994; Hartmann et al.
2014b); and, (iv) anthropogenic perturbations are not accounted in
global carbonate weathering models, where application of fertilizers
might impact CO2 consumption by carbonate weathering (Perrin et al.
2008; Semhi et al. 2000).

In order to overcome such limitations and to better understand the
role of the carbonate weathering in the Earth system, a set of ap-
proaches is compared and evaluated using river chemical data for
catchments dominated by calcite dissolution. Approaches used are
based on a river alkalinity parameterization (phenomenological ap-
proach) and equilibrium equations (mechanistic approach) to calculate
the chemical weathering fluxes due to calcite dissolution from carbo-
nate rocks, utilizing different constraining functions to estimate an
annually representative partial pressure of CO2 in the soil-rock system.
The influence of additional minerals like sulphides and evaporites on
generated alkalinity and calcium concentration is in further discussed,
together with the question how does the abundance of open, semi-
closed or closed system conditions with respect to soil CO2 affect the
generation of alkalinity fluxes.

2. Methods

2.1. Hydrochemical database

In order to evaluate calcite weathering fluxes to achieve the named
objectives, the Global River Chemistry database (GLORICH) was used
(Hartmann et al. 2014a), which combines hydrochemical data with
catchment properties and characteristics. The GLORICH database re-
presents over 17,000 sample stations, therefore, a data selection was an
imperative step in this work to be able to study only sample stations
with a dominant influence from calcite dissolution. A total of 299
sample locations were considered, representing 1798 single samples
(Fig. 1). The selection was established for idealized conditions of calcite
weathering. The following criteria needed to be fulfilled (Gaillardet
et al. 2018; Romero-Mujalli et al. 2018):

(i) Samples with [Ca2+]/[SO4
2−] molar ratios larger than 10 were

selected to avoid relevant contribution from pyrite oxidation and
sulphate minerals dissolution.

(ii) In order to minimize the effect of evaporite dissolution and silicate
weathering, samples with [Ca2+]/[Na+] molar ratios larger than
10 were selected, based on Gaillardet et al. (1999) relations and
data analysis.

(iii) Water samples with [Cl−]/[Na+] molar ratio < 2 were selected to
minimize possible anthropogenic input.

(iv) [Ca2+]/[Mg2+] molar ratio should be higher than 2 in water
samples, to minimize contribution of other carbonate minerals
besides calcite and to exclude further contribution of weathering of
silicate minerals.

(v) Water samples with charge balance error (CBE) < 10% were
chosen, to exclude samples with high uncertainty in reported
concentrations.

A correction for rainwater contribution was not possible to apply
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due to lack of knowledge of the contribution from local rainwater
chemistry and dissolution of minerals other than calcite for each sam-
pling location.

2.2. Alkalinity and PCO2 parameterizations

In order to study controls on the river weathering fluxes from calcite
dissolution, different approaches to estimate alkalinity were chosen
(Table 1): (i) alkalinity was parameterized using a phenomenological
approach and considers the observed alkalinity concentration depen-
dence on temperature, which has a boomerang-shaped curve; and (ii)
alkalinity was calculated by equilibrium calculations with a given PCO2

and saturation index with respect to calcite (SIc; see Appendix A for
details about thermodynamic calculations).

2.2.1. River alkalinity parameterization
The boomerang-shaped curve of alkalinity concentration in depen-

dence of mean surface temperature identified for global rivers domi-
nated by carbonate dissolution (Gaillardet et al. 2018) was used to
represent carbonate weathering (hereafter as river_alk). Alkalinity was
parameterized using annual land surface temperature of a catchment
and implementing the non-linear Levenberg-Marquardt algorithm for

the following function:

= + +river elog ( ),alk
b b T b T

10
1 2 3 2

(1)

“river_alk” is alkalinity in meq L−1, T is mean annual land tem-
perature (°C). The final parameters b1, b2 and b3 were determined by
sampling for each station 1000 times a random value based on mean
values and standard deviation for reported alkalinity and temperature
(Fig. 2) and subsequently estimating each time the b-parameters. The
mean and standard deviation of b1, b2 and b3 are −1.73 ± 0.08,
0.28 ± 0.02 and − 0.0157 ± 0.0009, respectively. The standard de-
viation of Eq. (1) based on residuals analysis is 0.2 (logarithm of
meq L−1) for the 90% confidence level of the fitted function.

2.2.2. PCO2 parameterizations
Different estimates for PCO2 were applied as constraints to calculate

alkalinity and calcium concentrations from calcite dissolution in equi-
librium with a given PCO2, either for the soil-rock system or within
rivers

(1) Atmospheric PCO2 (hereafter as CO2atm) with a value of
0.000398 atm was used as a minimum threshold for aquatic PCO2

which is at equilibrium with the carbonate system and representing
a minimum baseline for carbonate weathering for comparison.

(2) Modelled global river water PCO2 data after Lauerwald et al. (2015)
was used to calculate concentrations of chemical species in equili-
brium with calcite, assuming that this river CO2 is derived from the
soil-rock system and caused observed alkalinity concentrations in
rivers. The possibility of CO2 outgassing and secondary calcite
precipitation in river will be discussed below. The applied river
PCO2 data represents global spatially-explicit estimates of river and
stream PCO2 for surface water stream orders of three and higher
(hereafter as global_river_CO2). Saturation indices with respect to
calcite of 0 and 0.5 were considered to calculate concentrations of
chemical species in rivers. The SIc = 0.5 was chosen based on an
analysis of the filtered data and is close to the median SIc.

(3) Soil PCO2 was calculated after Brook et al. (1983) (hereafter as
soil_aet_CO2). This equation depends only on the variables annual
evapotranspiration (AET) and atmospheric PCO2 (CO2atm). The

Fig. 1. Global localization of the 299 selected GLORICH sample stations after applying conditions described in Section 2.1. A total of 1798 single measurements are
represented.

Table 1
Summary of the different settings implemented in this work to calculate global
calcite weathering fluxes in rivers and from the soil-rock system at equilibrium
with a specific calcite saturation index (SIc).

Nr. Abbreviation Estimate Function System SIc Reference

1 CO2atm PCO2 0.000398 atm Control 0 –
2 river_alk Alkalinity Eq. (1) River 0 This study
3 river_CO2 PCO2 Global data River 0

and
0.5

Lauerwald
et al. (2015)

4 soil_aet_CO2 PCO2 Eq. (2) Soil-rock 0 Brook et al.
(1983)

5 soil_tw_CO2 PCO2 Eq. (3) Soil-rock 0 Romero-
Mujalli et al.
(2018)
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equation (Eq. (2)) was originally constructed using soil PCO2 data
from 19 locations at different depths, and is defined as:

= +soil aet CO PCO atm elog ( _ _ ) log ( ) 2.09(1 ),AET
10 2 10 2

0.00172 (2)

(4) In addition, the function for estimating soil PCO2 after Romero-
Mujalli et al. (2018) was applied (hereafter as soil_tw_CO2) to cal-
culate the concentration of chemical species at equilibrium with
calcite. Parameters for the equation (Eq. (3)) were derived using the
Levenberg-Marquardt algorithm for non-linear methods. This
equation uses land surface temperature and soil volumetric water
content as the main predictor variables for estimating an averaged
soil-rock PCO2.

=
+

+
+( )

soil e
b e

PCO atmlog ( )
( )

log ( ),tw

b

b T10
3

10 2CO

b

2

1 2

4 (3)

where T is temperature in °C, θ represents the soil volumetric water
content (m3 m−3), CO2atm is the partial pressure of CO2 (atm) in the
atmosphere, and in this work a value of 0.000398 was considered.
Fitted parameters b1, b2, b3 and b4 have values of −3.0, −0.25, 0.09
and − 0.34, respectively. The calculated standard deviation for this
function is 0.6 (log10PCO2).

2.3. Global chemical weathering calculations

Global information in gridded format (Section 2.4) was used to
determine spatially-explicitly alkalinity or calcium concentration re-
lated to the dissolution of calcite and to calculate weathering rates ei-
ther from the soil-rock system or in rivers (Fig. B.1). The weathering
rates are calculated by the following equation:

=r C q,i (4)

where, r is the alkalinity weathering rate expressed in mmol of Ci m−2

a−1, Ci is the concentration of a chemical species produced by calcite
dissolution (calculated as explained in Section 2.2) in mmol m−3 (or

meq m−3), and q is the surface runoff in m3 m−2 a−1. The alkalinity
rate represents the rate of different chemical species (Ci is representing
here [HCO3

−] + 2[CO3
2−] + [OH−] − [H+]).

The global alkalinity weathering flux (Ft) is calculated by the fol-
lowing equation:

=
=

F r A ,t
k

n

k
1

k
(5)

where A is the area of carbonate sedimentary rocks (SC) in m2, sub-
script k stands for specific grid-cell, and n is the total number of grids in
the map. Global weathering flux can be translated to CO2 consumption
(mol C a−1) by using the stoichiometric relations (Eq. (A.13)), where
mole of CO2 consumed is equivalent to mole of Ca2+ in solution.

The obtained alkalinity rates were compared with approaches ap-
plying two runoff based phenomenological models (Amiotte-Suchet and
Probst 1995; Bluth and Kump 1994).

Amiotte-Suchet and Probst (1995) calculate alkalinity rates de-
pending on runoff by:

=r q3.1692 ,SP (6)

where rsp is the alkalinity rate in meq alkalinity m−2 a−1 and q is the
runoff in mm3 mm−2 a−1. This approach considers a constant alkalinity
concentration.

The equation from Bluth and Kump (1994) is defined as:

=r q10 (0.1 )
1000

,BK
4.521 0.934

(7)

where rBK is the alkalinity rate in meq alkalinity m−2 a−1. Eq. (7)
considers a small dilution effect for high runoff values.

2.4. Global datasets

The applied global runoff dataset (Fekete et al. 2002) combines
observed river discharge information with a water balance model to
increase accuracy. The calculations were performed for areas with
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Fig. 2. Effect of magnesium on the construction of the
function (Eq. (1)) for: (a) and (b) condition of [Ca2+]/
[Mg2+] > 1; (c) and (d) condition of [Ca2+]/[Mg2+] > 2;
and, (e) and (f) condition of [Ca2+]/[Mg2+] > 5. Plots (a),
(c) and (d) are alkalinity (meq L−1) against mean annual
land temperature (°C); and (b), (d) and (f) scatterplots re-
present the relationship between calculated (Eq. (1)) and
observed alkalinity. Given alkalinity are the mean per sam-
pling location, using 299 catchments.
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sedimentary carbonate rocks (SC) as mapped in the GLIM database
(Hartmann and Moosdorf 2012). The global mean annual surface
temperature was extracted from Hijmans et al. (2005). Global annual
evapotranspiration (AET) in mm a−1 and the soil volumetric water
content (θ) in m3 m−3 data from the Global Land Evaporation Am-
sterdam Model (GLEAMv3.0) were used, which consist of a set of al-
gorithms that calculate the different components of terrestrial eva-
poration based on satellite observations (Martens et al. 2016; Miralles
et al. 2011). Global calculations were performed implementing a global
resolution of 20 km per grid cell.

3. Results

About half of the alkalinity from carbonate weathering represents
the CO2 sink due to weathering, applying the selection procedure for
data used in the analysis (Section 2.1). Alkalinity is approximately
equal to half the concentration of calcium plus magnesium. As in
general only low magnesium concentrations relative to calcium are
abundant in the selected samples, alkalinity is used to represent the
dissolution of calcite in the further discussion. A detailed analysis of
calcium concentrations in rivers and its relation to environmental fac-
tors is given in an accompanying publication (Gaillardet et al. 2018).

3.1. Temperature and magnesium dependency of river alkalinity

The identified alkalinity concentration in rivers dominated by dis-
solution of calcium carbonates can be described by a Gaussian function
in dependence of land surface temperature (Fig. 2). The highest alka-
linity concentration is found for temperate climate conditions with a
land surface temperature of approximately 11 °C.

The used alkalinity approach (Eq. (1)) is applicable to represent the
general temperature dependency of calcite dissolution products found
in rivers. However, the presented mean function has a relatively high
uncertainty as marked by the red lines due to the large scattering of the
mean alkalinity data (Fig. 2).

If different selection criteria for the Ca2+/Mg2+ molar ratio are
used, the effect of Mg2+ concentration on the observed scattering of
alkalinity becomes evident (Fig. 2). Controls on dissolution processes of
abundant magnesium rich minerals, like dolomite or silicates, and
possibly effects on in-stream carbonate precipitation, produce a dif-
ferent alkalinity pattern than the one indicated by the dissolution of
calcite. Choosing water samples with a lower relative magnesium
concentration ([Ca2+] > 2[Mg2+] and [Ca2+] > 5[Mg2+]) results in a
better relationship between calculated and observed mean values for
alkalinity, and a tighter boomerang-shaped curve (Fig. 2c–f), than
water samples with relatively high Mg2+ concentration (Fig. 2a–b). The
best fit for (Fig. 2c) the case [Ca2+] > 2[Mg2+] is used in further to
describe the observed behaviour of alkalinity in dependence on tem-
perature.

3.2. Temperature and CO2 control on dissolution of calcite

Applying thermodynamic equations for the system CaCO3-CO2-H2O
suggest that at constant PCO2 the concentration of dissolved calcite is
indirectly proportional to temperature. Hence, calculated alkalinity
reproduces this behaviour when a constant atmospheric CO2 of
0.000398 atm is considered as a baseline scenario for the discussion
(CO2atm setting; Fig. 3f).

Applying different PCO2 scenario constraints to calculate river al-
kalinity due calcite dissolution (scenarios: estimated river PCO2,
Fig. 3b; PCO2 estimated by annual evapotranspiration, Fig. 3c; or PCO2

estimated by surface land temperature and soil water content Fig. 3d)
does not reproduce the observed alkalinity dependency on temperature
based on observations (Fig. 3a and e) for the given temperature range.

The closest pattern to the observed alkalinity is the approach using
temperature and soil water content to estimate an average soil-rock-

PCO2 (soil_tw_CO2; Fig. 3c). For this approach chemical concentrations
from calcite dissolution are calculated before the water discharges into
rivers, because this approach was derived based on spring water sam-
ples in karst areas (Romero-Mujalli et al. 2018). However, the estimated
alkalinity in high temperature regions (> 12 °C) is on average for the
soil_tw_CO2 approach (green line in Fig. 3c) higher than the observed
mean alkalinity values from the GLORICH database (Fig. 3e) or the
predicted ones by the boomerang-shaped alkalinity function, based on a
temperature dependency (Fig. 3a). This might be because the
soil_tw_CO2 approach predicts the production of alkalinity in the soil-
rock system by design and does not consider other relevant processes
affecting the CaCO3-CO2-H2O system in the river, e.g. dilution in high
runoff areas, CO2 degassing and calcite precipitation in the river, or the
existence of semi to closed system conditions with respect to soil PCO2

(Bono et al. 2001; Lauerwald et al. 2015; van Geldern et al. 2015;
Zhong et al., 2017).

The application of the PCO2 estimation based on annual evapo-
transpiration for the soil-rock system (soil_aet_CO2) or river PCO2

(river_CO2) are not replicating the observed river alkalinity pattern
(Fig. 3e). Only a weak decreasing trend for elevated temperatures can
be observed. The application of two different saturation indices for river
PCO2 (Fig. 3b) reveals no different calculated alkalinity pattern, con-
sidering the shape and trend, with exception of different resulting
concentrations. Considering the applied thermodynamic equation sys-
tems for the scenarios in Fig. 3c to d, temperature does not represent
the strongest direct control, but it influences the biological activity and
hence the PCO2 in the soil system.

3.3. Comparing estimated global weathering fluxes

The different approaches to estimate generated alkalinity con-
centrations causes for each grid point a different value in the global
weathering calculation, and therefore aggregated global fluxes are
different (Fig. 4). Calculated global calcite weathering fluxes are re-
presented as CO2 consumption fluxes in Fig. 4, comparing the different
scenarios with previously used runoff-based functions or phenomen-
ological equations, established by Amiotte-Suchet and Probst (1995)
and Bluth and Kump (1994). These latter two approaches, often used in
global studies to represent not only calcite but total carbonate weath-
ering fluxes, produce higher global river alkalinity fluxes than the
baseline calculation (using recent atmospheric PCO2 as constraint),
estimated river PCO2 (using a calcite saturation index of 0) and the
boomerang-shaped function for alkalinity, based on a temperature de-
pendency (considering the mean of the calculations for river_alk sce-
nario). The global estimates for the soil-rock system are only slightly
higher on average compared to the results from Amiotte-Suchet and
Probst (1995) and Bluth and Kump (1994). Two approaches, which
allow uncertainty evaluations, show a significant span of possible
global fluxes. Note that the estimates from the previous works were not
used here, but new ones recalculated using a homogenized geodatabase
to allow comparison of results (Fig. 4) for the process discussion below.

The calculated global chemical weathering fluxes are only related to
areas with carbonate sedimentary rocks (labelled SC in the GLIM da-
tabase), and do not represent fluxes from mixed sediment areas or trace
carbonate fluxes from other lithological classes (Fig. 4). The calculated
global fluxes from mapped carbonate sedimentary rocks are thus lower
than total global carbonate weathering fluxes including further con-
tributing lithologies. The total area of SC used in this work is
10.94 × 106 km2, which is approximately 1% higher than in Hartmann
et al. (2014b), but still 7% less than reported by the GLIM database
(Hartmann and Moosdorf 2012). This is because the surface area was
calculated from a vector format into a grid format.

Comparing calculated fluxes using the mean alkalinity per sampling
station with runoff seems to justify the global application of the pre-
vious phenomenological models (Fig. 5a). However, the available data
allow comparison only for a limited runoff range. Approaches using

G. Romero-Mujalli, et al. Chemical Geology 527 (xxxx) xxxx

5



climate sensitive variables show considerable deviation from the phe-
nomenological models, by approximately ± 50% in Fig. 5b to d, and
lower deviation for the approach using estimated river PCO2 as con-
straint (Fig. 5e). This is because the calculated alkalinity concentrations
(Ci from Eq. (4)) vary with temperature, soil water content or evapo-
transpiration. A significant increase in alkalinity fluxes is calculated
when the observed average river saturation index with respect to calcite
(SIc) of 0.5 is considered (Fig. 7) using river PCO2 as constraint (Fig. 4).
This results in an increase of about 50% for calculated global fluxes,
reaching a comparable global value than estimated by runoff-based
functions in Fig. 4(AS-P & B-K).

The river PCO2 data from Lauerwald et al. (2015) is based on cli-
mate sensitive parameters like air temperature, net primary pro-
ductivity (NPP) and a geomorphological component, gradient of slope
of a catchment. As this latter catchment property steers the degassing of
CO2 (Lauerwald et al. 2015), the river CO2 constraining approach
considers a factor directly addressing the potential to precipitate calcite
in rivers, and thus lowering the alkalinity fluxes. However, it should be
noted that the river PCO2 estimation is valid only for stream orders
larger than two (Lauerwald et al. 2015), and the considerable out-
gassing from rivers with smaller stream order was not captured here,
due to lack of general knowledge in how to parameterized this for small
streams at the global scale (Marx et al. 2017). This may in part con-
tribute to the observable difference to the river alkalinity concentration
based on observations (Fig. 3).

3.4. The influence of dilution on global calculations

A further simulation was carried out to study the effect of dilution
for high runoff areas on global carbon fluxes and alkalinity rates, be-
cause it has been demonstrated that hydrology, besides ecosystem re-
spiration, is a relevant control on the weathering rate from carbonate

Fig. 3. Global spatially explicitly calculated al-
kalinity (meq L−1) against average land tem-
perature (°C) using a 20 km2 grid cell definition
for the scenarios river alkalinity-temperature
function river_alk (a), and three PCO2 estimates
as constraint (b to d). For river_PCO2 (b) esti-
mated river PCO2 and the calcite saturation
index (SIc) of 0 and 0.5 are used as constraint.
To estimate the soil-rock PCO2 the constraints
temperature and soil water content were used in
(c) (soil_tw_CO2) and the annual evapotranspira-
tion rate (AET) in (d) (soil_aet_CO2). Each black
point represents a calculation per 20 km2 grid
cell (Section 2.3). For comparison the reference
mean values of alkalinity of selected GLORICH
sample stations (e), and the baseline scenario
using atmospheric PCO2 as constraint (CO2atm;
f) are given. The red points in a) represent the
deviation from the river_alk function, and the
olive points in (b) to (d) represent the moving
averages using a span value of 1 °C. The purple
points in (b) are the calculated alkalinity values
considering a SIc of 0.5, while black points re-
present the calculation for SIc = 0. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Total CO2 consumption fluxes (1012 mol C a−1) due to CO2 consumption
by global calcite dissolution for different settings: (a) and (b) CO2 fluxes due to
calcite weathering in soil (soil_aet_CO2 and soil_tw_CO2 settings, respectively); (c)
and (d) CO2 fluxes using river settings (river_CO2 and river_alk, respectively); (e)
considering the constant value of 0.000398 atm for atmospheric PCO2

(CO2atm); and, (f) and (g) previous runoff-based functions from Amiotte-Suchet
and Probst (1995) and Bluth and Kump (1994), identified as AS-P (Eq. (6)) and
B-K (Eq. (7)), respectively. The grey rectangle is the interval for previous
phenomenological equations AS-P and B-K. Red lines are the maximum and
minimum limits when considering deviation due to residuals for Eqs. (1) and
(3). The purple circle represents the total carbon flux when a saturation index
SIc = 0.5 is considered for the river PCO2 estimate. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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mineral dissolution in catchments (Zhong et al., 2017). At high runoff,
calcite dissolution might not achieve equilibrium and the water will be
undersaturated with respect to calcite, or a substantial amount of sur-
face runoff not percolating into the ground is added to the river water.
Due to the lack of instant discharge data for a sufficient number of
catchments, a comparison with annual runoff is conducted to study first
order patterns, which may emerge if dilution would be a relevant factor
to be considered. Therefore, a correction coefficient as proposed by
Bluth and Kump (1994) was used to calculate a dilution effect on
concentrations of chemical species (Ci) with increasing runoff, ex-
pressed by the following equation:

=C
C

q
,i

eq
0.066 (8)

where Ceq stands for the concentration of chemical species i (mol L−1),
calculated by equilibrium equations, and q is the runoff
(mm3 mm−2 a−1). The dilution parameter of “0.066” was taken from
Bluth and Kump (1994) for catchments dominated by carbonate mi-
nerals because they have correlated alkalinity with runoff associated to
carbonate rocks. Accordingly, a decrease in alkalinity rates for in-
creasing runoff can be observed, as expected (Table 2). Nevertheless,
this correction was not applied to the river_alk and river_CO2 settings
because the dilution effect may be already imprinted into the river
water composition. An application of the dilution effect would decrease
global carbon fluxes significantly (−34% approximately, Table 2), si-
milar to the approaches using river water composition as constraint
(river_alk and river_CO2). The scenarios with dilution effect result in
lower global fluxes than the scenarios using parameterizations based on
Bluth and Kump (1994) and Amiotte-Suchet and Probst (1995). A di-
lution effect based on annual data is hard to apply, as dilution should
happen at the event scale during rainy periods, and would therefore
demand a calibration for parameters using event scale data. However,
the calculation suggests, that the chosen simple parameterization
achieves a plausible effect towards the right direction. Further results
discussed below on the open-versus closed system condition (Section
3.6) suggest that the dilution effect should be weaker, if using annual
data as done here.

3.5. Modelled versus observed alkalinity

Comparing calculated alkalinity mobilization in the soil-rock system
(soil_tw_CO2 and soil_aet_CO2) with reported alkalinity values in rivers
shows a better prediction potential, due resulting soil-rock PCO2, for
the approach using temperature and soil water content as constraint
than evapotranspiration (soil_tw_CO2 and soil_aet_CO2, respectively).
Two different temperature intervals (≥ 11 °C and < 11 °C) are dis-
tinguished to address the maximum of alkalinity in the observed data
(Fig. 2). The soil_tw_CO2 setting underestimates for the low temperature
interval (blue points in Fig. 6a) observed values systematically by about
1 meq L−1. For elevated temperatures the model tends to produce
higher alkalinity values (red points in Fig. 6a). This might be in

Fig. 5. Global alkalinity rates (eq m−2 a−1)
against runoff (mm3 mm−2 a−1) calculated
using (a) mean values of 299 sample stations in
GLORICH database, (b) river_alk, (c) soil_tw_CO2,
(d) soil_aet_CO2, and (e) river_CO2. Previous
phenomenological models based on runoff are
represented by the red (Amiotte-Suchet and
Probst 1995) and black lines (Bluth and Kump
1994), calculated using Eqs. (6) and (7), re-
spectively. Note that c) and d) represent alkali-
nity rates generated in the soil-rock system,
while the other approaches are based on river
data. The purple points are the calculated alka-
linity values considering a SIc of 0.5. (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Table 2
Global CO2 consumption fluxes associated to modelled calcite dissolution using
different approaches based on phenomenological functions and equilibrium
equations. The dilution effect was calculated for settings considering PCO2

constraints for the soil-rock system and the baseline scenario by implementing
Eq. (8).

Method-simulation
setting

CO2 consumption
(1012 mol C a−1). Without
dilution effect

CO2 consumption (1012 mol C
a−1). Including dilution effect
(Eq. (8)).

Amiotte-Suchet
and Probst
(1995)

4.3 n.a.

Bluth and Kump
(1994)

3.4 n.a.

soil_et_CO2 4.3 2.8
soil_tw_CO2 4.6 (2.8–7.6) 3.0 (1.8–4.9)
river_CO2 2.7 (4.1a) n.a.
river_alk 2.6 (1.6–4.1) n.a.b

CO2atm 1.8 1.2

n.a.: not applicable.
a CO2 fluxes calculated using SIc = 0.5.
b river_alk calculates directly the alkalinity based on relationship with tem-

perature as described by Gaillardet et al. (2018), hence, it might reflect im-
plicitly the dilution effect.
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accordance with degassing of CO2 and subsequent reduction of alkali-
nity in the river system. However, undersaturated conditions can be
observed for some samples in this temperature region (Fig. 7). The
relationship between modelled and observed values for elevated tem-
perature regions does not improve when a dilution effect is considered,
taking the 1:1 line as reference (Fig. 6c), and the tendency to under-
estimate reported values increases. Therefore, a further process, not
represented in the model assumptions, might be responsible for over-
estimation in high temperature regions (see results for open and closed
system conditions in the next section).

Calculated alkalinity values using evapotranspiration as constraint
(soil_aet_CO2) shows no distinctive relationship with observed values in

the GLORICH database, with and without considering a dilution effect
(Fig. 6b and d, respectively). This indicates that the application of mean
annual evapotranspiration to estimated soil-rock PCO2 (Brook et al.
1983) is not the best selection, based on the data presented in this work.
This might be due to the effect of considering different depths during
the creation of this soil PCO2 function (Eq. (2)), and due to measure-
ments during growing seasons for low temperature regions, affecting
the lower limit for mean annual soil PCO2, were applied (Brook et al.
1983; Romero-Mujalli et al. 2018).

3.6. Transition from open to closed system condition with respect to soil-
rock PCO2

Calcite dissolution under closed conditions with respect to a given
soil PCO2 can generate low concentrations of calcium and alkalinity,
causing a low saturation index with respect to calcite (SIc), as described
by Thrailkill and Robl (1982). The closed conditions are achieved in
areas where the water is isolated from the area of soil CO2 production
before reaching an equilibrium with calcite (Deines et al. 1974).
Therefore, this condition is probably found in deeper regions of the soil-
rock system, where water residence time in the unsaturated zone is less
than the time required to reach equilibrium. A global soil depth data-
base was used to evaluate if a systematic bias exists assuming open
system conditions. Therefore, the ratio between modelled (using
soil_tw_CO2 setting) to observed alkalinity was plotted against reported
soil depth. The ISRIC-WISE v3.0 soil database with a half degree re-
solution was used for this analysis. It is characterized by 45,948 unique
soil map units, where parameters for each soil unit are estimated using
a set of 9600 soil profiles (Batjes 2005). Extracted values from this
database indicate that soils associated with calcite dissolution present,
in general, a maximum soil depth < 2 m (average of 1 m). Calculated
alkalinity concentration, under open conditions, using the best re-
presentation for soil PCO2 found in this work (soil_tw_CO2, Section 3.5),
was normalized to observed alkalinity values, and the ratio calculated/
observed compared with soil depth for each sample location (Fig. 8).
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Fig. 6. Comparison between calculated and observed
alkalinity using as a reference the mean values re-
ported for the 299 selected sample stations (Fig. 1).
(a) soil_tw_CO2, (b) soil_aet_CO2, (c) soil_tw_CO2 in-
cluding dilution, and (d) soil_aet_CO2 applying dilu-
tion effect. Dilution was applied using Eq. (8). The
black line represents the ideal 1:1 relationship, red
circles are data with surface mean temperature
higher or equal than 11 °C, and blue circles are data
with surface mean temperature <11 °C. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Overestimation of calculated alkalinity considering open system con-
ditions tends to increase with soil depths (Fig. 8a). This would be ex-
pected for a general pattern of a transition from open to closed system
conditions with respect to soil CO2.

To address the observation, alkalinity was newly calculated as-
suming open system conditions for soil depth < 1.3 m and closed
system conditions for soil depth > 1.3 m. In theory, semi-closed con-
ditions can be estimated, but for the purpose of showing the maximum
effect, closed system conditions are chosen. Newly calculated alkalinity
results in a better approximation compared to observations (Fig. 8b).
Therefore, soil depth is a parameter that helps to identify conditions for
the onset of the transition from open to closed system conditions.
Nevertheless, the systematic tendency towards underestimation of river
alkalinity using soil-rock PCO2 estimation is still present. The shape of
the scatter plot (Fig. 8b) indicates that a systematic bias for the applied
soil_tw_CO2 function exists. Further studies, applying a larger sample set
to retrieve a soil_tw_CO2 type function as used in Romero-Mujalli et al.
(2018) or improving the soil PCO2 estimate by including further factors,
may lead in the future to better approximations.

If closed system conditions are assumed for locations with soil
depths > 1.3 m the calculated global CO2 consumption would decrease
to 1.0 × 1012 mol C a−1 (applying soil_tw_CO2). This is less than the flux
for open system conditions assuming that soil-rock PCO2 is only

equivalent to the atmosphere (CO2atm), with 1.8 × 1012 mol C a−1.
This result indicates that a transitional zone exists, and the simple two
steps model used here is not sufficient for a global application. The
calculation suggests that the spatial global abundance of closed system
conditions with respect to soil CO2 is limited. Results indicate that this
transitional zone is preferentially abundant in high temperature re-
gions, where thicker soils exist. A spatially-explicit knowledge of where,
and under which conditions, the transition towards semi or even closed
system conditions appears seems, therefore, a relevant research objec-
tive to constrain global carbonate weathering fluxes, specifically in the
tropics.

However, the general pattern of river alkalinity can already be re-
plicated with the existing parameterization of the soil_tw_CO2 soil-rock
PCO2 function (using a limited available dataset for parameterization),
and by using information of open-closed-system conditions. The re-
lative systematic underestimation of river alkalinity by about 1 meq L−1

(Fig. 8b) would not allow for further degassing, which can be observed
in the rivers (specifically for the temperature range < 11 °C). An im-
provement of the soil-rock-PCO2 estimation needs to address this ad-
ditional effect and would therefore need to produce higher soil-rock
PCO2 values as suggested by the deviation from the 1:1 line considering
open-closed-system conditions in Fig. 8b.
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3.7. Seasonal changes

Several studies have demonstrated significant seasonal changes in
river chemistry of carbonate rock dominated catchments, mainly due to
temperature and discharge changes (Li et al. 2010; Liu et al. 2010; Liu
et al. 2007; Roland et al. 2013; van Geldern et al. 2015; Zhang et al.
2012). The selected sample stations (Section 2.1) show a systematic
preferential sampling time in March and September (Fig. 9a), and the
mean and median alkalinity during these months is higher than during
the other sampled months (Fig. 9b). Nevertheless, the mean alkalinity is
slightly affected by this preferential sampling, from 3.2 meq L−1 to
3.0 meq L−1 when samples from March and September are excluded.

The shown underestimation of modelled alkalinity that is shown in
the previous section, of approximately 1 meq L−1 in regions with
temperature < 11 °C, suggests that the soil-rock PCO2 function by
Romero-Mujalli et al. (2018) presents a systematic bias of −1 meq L−1.
This bias might be influenced by seasonal changes and preferential
sampling time of the springs used to calibrate the soil-rock PCO2

function based on temperature and soil water content. However,

seasonal changes could not be considered in the construction of Eq. (3),
also due to the lack of temporal data for a large enough number of
monitoring locations (Romero-Mujalli et al. 2018). Therefore, season-
ality or other undiscovered causes may add to the observed systematic
underestimation.

The sampling period of the selected 1798 samples from the
GLORICH database ranges from May of 1963 until November of 2010.
The temporal analysis shows an increase of alkalinity and Ca + Mg
concentrations since at least 2001 (Fig. 10a and b, respectively).
Temporal variation of water temperature (Fig. 10c) does not present a
clear relationship with alkalinity or Ca + Mg concentrations besides
seasonal changes during the late 1980s. In addition, the data filtering
method implemented in this work reduces the input of evaporites,
sulphides, silicates, and anthropogenic sources. Observed temporal
variations of the chemical composition in the total dataset may reflect
differences in soil-rock PCO2, linked to variations in soil respiration.
The soil-rock PCO2 directly reflects the soil temperature and water
content where the dissolution of calcite takes place and is not ne-
cessarily represented by water temperature of the river (Amundson and
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Davidson 1990; Kuzyakov 2006; Mielnick and Dugas 2000; Romero-
Mujalli et al. 2018).

4. Discussion

4.1. General discussion

Carbonate weathering rates and lateral river fluxes of the products
depend on a combination of processes and system properties, which
were tested for their relevance using hydrochemical information from
catchments dominated by calcite dissolution, while focusing on alkali-
nity fluxes. The most prominent control in the critical zone is the soil-
rock PCO2, which is supplied by ecosystem respiration, which in turn
depends on climate sensitive constraints like soil water content and
temperature (Romero-Mujalli et al. 2018). The amount of CO2 available
for the dissolution process is in further controlled by the openness of the
system. Semi-enclosed to closed system conditions reduce the weath-
ering rate substantially. Further temperature dependent degassing of
CO2 from rivers (Lauerwald et al. 2015; van Geldern et al. 2015), also
controlled by geomorphological properties, causes the average river
water to be supersaturated with respect to calcite. The majority of in-
vestigated rivers have a saturation index with respect to calcite between
0.5 and 1, and alkalinity loss due precipitation of carbonates is ob-
served in general (Calmels et al. 2014; Li et al. 2008; Liu et al. 2007),
but difficult to constraint based on available global data. A rain event
specific dilution parameterization maybe relevant for a global climate
sensitive carbonate weathering representation, but its relevance and
influence needs still to be worked out for the global scale. Simple
phenomenological models based on average concentration-runoff re-
lationships seem, for low runoff conditions, to properly address calcite
weathering fluxes. However, rain event scale introduced variability
cannot be replicated using the limited global datasets available. An
enhanced global carbonate weathering model approach, therefore,
should address at least the named processes, while parameterization of
these processes for a spatially explicit global application demands fur-
ther work and specifically more groundwater, spring water, and river
water data along the lateral pathway of weathering product fluxes.

The presented results are based on selected data to represent idea-
lized calcite catchments through minimizing the effect of sulphide
oxidation, evaporite dissolution and dolomite contribution. The effects
of these neglected minerals and related processes will be discussed
below.

Two different approaches for soil PCO2 estimates were considered in
this work to constraint calcite dissolution rates, and both type of esti-
mates present clear differences, mainly in deserts and polar regions
(Romero-Mujalli et al. 2018). The function based on annual evapo-
transpiration (Eq. (2)) was developed using measurements of soil PCO2

at different depth and during growing seasons for temperate areas,
which causes elevated average soil PCO2 representations in polar re-
gions. On the other hand, the function based on land temperature and
volumetric water content (Eq. (3)) is conceptually in concordance with
ecosystem respiration models and it was created using spring water
samples from catchments dominated by calcite dissolution.

The introduced approach calculating alkalinity concentrations
based on a representative soil-rock-PCO2 (soil_tw_CO2) for open system
conditions allows to connect indirectly ecosystem respiration with
calcite weathering fluxes. This work showed that for certain tropical
areas, specifically such with deeper soil depth, > 1.3 m, a transition
from open to semi- or even closed system conditions should be con-
sidered. However, concepts to address the locations where this hap-
pens, and how to represent this transition remain to be elaborated and
depends on high quality soil maps. In addition, it was shown that the
soil-rock PCO2-representation demand further work to avoid under-
estimation of alkalinity fluxes (Fig. 8b) if the weathering fluxes should

be constraint dynamically by a soil-rock-PCO2 and not a simple river
alkalinity parameterization based on temperature (Fig. 2). A coupling
of carbonate weathering models with ecosystem models might be a
further next step, if ecosystem respiration can be replicated properly.
The analysis here suggests that evaluation of such coupled models need
to include the soil properties and therefore a good representation of the
soil-rock hydrology.

4.2. Equilibrium approach for calcite dissolution

The applied equilibrium model is constrained by a given PCO2 and
allows the calculation of major chemical species at equilibrium with the
system CaCO3-CO2-H2O for any given specific temperature. Therefore,
the approach might be applied to calculate global calcite weathering
from areas dominated by calcium carbonates for the present time and
probably over time as it is sensitive to climate variables. However,
carbonate rocks are rarely pure calcite. Dolomite (CaMg(CO3)2) dis-
solution has a different dissolution kinetics than calcite and the global
pattern of river alkalinity in dependence of temperature changes with
the Mg2+ concentration relative to Ca2+. Higher alkalinity concentra-
tions are observed in samples with relatively high Mg2+ content, in
particular in some catchments with elevated temperatures (Fig. 2). This
might be related to its influence on carbonate precipitation in rivers,
because Mg2+ can inhibit or delay the precipitation of calcite minerals
considering the saturation state of the water (Berner 1975; Bischoff
1968).

Some studies (Dreybrodt et al. 1996; Liu et al. 2005) have demon-
strated that the dissolution of CO2 in water represents the slowest rate
of reaction in the open system CaCO3-CO2-H2O. Therefore, it is feasible
to consider that a soil-rock system is at equilibrium with calcite for
open system conditions (Romero-Mujalli et al. 2018). This might re-
present an advantage over estimating a simplified soil PCO2 function
based on annual evapotranspiration (soil_aet_CO2).

Being less computationally expensive than chemical kinetic models,
further improvements to constrain land to river weathering fluxes
might result into incorporation into Earth system models (Goll et al.
2014). Because alkalinity is usually higher in groundwater than in
surface waters due to degassing of CO2 and precipitation of carbonates
(Calmels et al. 2014; Li et al. 2008; Liu et al. 2007) further improve-
ments in predicting mineral precipitation and CO2 outgassing will allow
to model sink terms during the transport.

4.3. Open and closed system conditions

Although studies related to spring water chemistry in karstic regions
have found that the dissolution of carbonate minerals happens mainly
under open to semi-open conditions with respect to soil PCO2 (Calmels
et al. 2014; Gillon et al. 2009; Romero-Mujalli et al. 2018; van Geldern
et al. 2015), information from tropical regions where soils are usually
more developed than in temperate regions is underrepresented.
Nevertheless, for specific soil profiles, carbonate minerals are dissolved
under closed system conditions with respect to soil PCO2 (Deines et al.
1974; Faulkner 2006; Frisia et al. 2011; Thrailkill and Robl 1982).

The results obtained in this work showed that dissolution of calcite
in soils might be developed under a gradual transition from fully open
to closed system conditions because the kinetics of dissolution is fast
enough to reach equilibrium with calcite before water infiltrates further
into the soil profile, where soil production is limited. Soil depth seems
not to be a good sole predictor for this transition, but a good one to
determine, for a given setting, the start of the transition. A spatially-
explicit description of the calcite weathering front, the depth of max-
imum calcite dissolution, combined with changes of soil CO2 produc-
tion with depth are required to constrain the transition of the system's
condition of a catchment.
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4.4. Ideal calcite and real carbonate weathering system

In the present work, equilibrium calculations were developed to
solve the ideal system CaCO3-CO2-H2O, which allows to determine the
chemical species due to calcite weathering. Nevertheless, in the natural
system this is not often the case, instead, a complex system is more
commonly found where water might be at equilibrium with other mi-
nerals, with consequences on the concentration of chemical species.
Minerals commonly associated to carbonate lithologies are, e.g., eva-
porites and sulphides. These minerals produce different deviations from
the ideal calcite equilibrium, increasing or decreasing concentrations of
chemical species in the water.

Gypsum and anhydrite (CaSO4.2H2O(s) and CaSO4(s), respectively)
are commonly found in evaporite containing lithologies and both show
high solubility in water. A system at equilibrium composed of CaCO3-
CO2-H2O-gypsum/anhydrite would have approximately 40% less alka-
linity if compared to the ideal calcite weathering system (Romero-
Mujalli et al. 2018). However, the calcium ion (Ca2+) concentration
increases significantly, being able to reach 5 times the concentration
presented in the ideal CaCO3-CO2-H2O system. This is a consequence of
the common ion effect produced by Ca2+, which is shared between two
chemical reactions, represented by Eq. (A.5) and the gypsum dissolu-
tion represented by the following chemical reaction:

+ ++CaSO x H O Ca SO H O2 2 ,s aq aq l4 2 ( ) ( )
2

4( )
2

2 ( ) (9)

Furthermore, evaporite minerals like halite (NaCl(s)) or sylvite
(KCl(s)) differ from the effect of gypsum by controlling the ionic
strength (I), thus the activity coefficients (Eq. (A.12)). Elevated con-
tribution of dissolved NaCl to the water enhances calcite dissolution
with reference to the ideal calcite weathering (by approximately
40–50% in the given example in Fig. 11).

Sulphide minerals are commonly found in sedimentary rocks and
are easily oxidized in the soil profile (Calmels et al. 2007; Li et al.

2008), releasing sulphuric acid (H2SO4), a strong acid which may be
neutralized by reactions with carbonates, as represented by the fol-
lowing chemical reaction:

+ + ++CaCO H SO Ca SO HCO2 2 2 ,s aq aq aq aq3( ) 2 4( ) ( )
2

4( )
2

3( ) (10)

This reaction increases carbonate weathering significantly.
However, the Ca2+:Alkalinity molar ratio in this system can be 1:1, or
even be lower. Therefore, calcite dissolution due to strong acids is not
necessarily related to increasing alkalinity fluxes as compared to an
ideal calcite dissolution, where the Ca2+:Alkalinity ratio is 1:2.
Sulphate ion concentration coming from pyrite oxidation might reach
0.5 mM (Calmels et al. 2007; Li et al. 2008). If comparing the con-
centration differences between the system CaCO3-H2O-CO2-FeS2-O2 and
the ideal carbonate dissolution (CaCO3-H2O-CO2), due to the pyrite
oxidation two different effects on Ca2+ and alkalinity can be expected.
The Ca2+ concentration would be elevated by up to 20% if compared to
the ideal calcite equilibrium calculation when reacting 0.267 mM of
FeS2 (Fig. 12a). Alkalinity, on the other hand, shows a decrease of
approximately 5% with respect to the ideal calcite dissolution
(Fig. 12b). In both cases, the decreasing trend with temperature follows
the dissolution of pure calcite (Fig. 12).

Sedimentary carbonate rocks can contain a wide variety of different
carbonate minerals, presenting each different dissolution kinetics and
solubility. The range of Mg content in Ca‑carbonates can vary sig-
nificantly. Dolomite (CaMg(CO3)2), another common carbonate mi-
neral, may influence calcite dissolution by adding Ca2+ and CO3

2– to
the solution (common ion effect). And although its dissolution is slower
than calcite (Chou et al. 1989; Liu et al. 2005) and the calcite saturation
state can be reached faster, the constant dissolution of dolomite can
increase alkalinity in the solution and decrease Ca2+ while increasing
Mg2+ to a Ca/Mg molar ratio closer to the one present in dolomite. We
have tested a hypothetical example where the solution is at equilibrium
with both minerals (calcite and dolomite saturation indices are 0) and

Fig. 11. Dependency of (a) Ca2+ (molar concentration) and (b) alkalinity (equivalent) on halite concentration for the open system NaCl-CaCO3-CO2-H2O at 25 °C and
PCO2 of 0.000398 atm. Relationship as a result of Davies equation for activity coefficient (Eq. (A.12)).

Fig. 12. Theoretical calculations of (a) Ca2+ concentration
and (b) alkalinity against temperature. The black line re-
presents the ideal carbonate equilibrium, the green dash line
and red dash line stand for the system CaCO3-H2O-CO2-O2-
FeS2 with pyrite concentration of 0.267 mM and 0.200 mM,
respectively. Results were obtained using the software
PHREEQC with “wateq4f.dat” database (Parkhurst and Appelo
1999) considering a constant PCO2 of 0.01 atm. (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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solving the system using the software PHREEQC with “wateq4f.dat”
database (Parkhurst and Appelo 1999). The results show that Ca2+

decreases with respect to a solution at equilibrium with only calcite by
approximately 40% for the given temperature range in Fig. 13a.
However, the behaviour of alkalinity is contrary, increasing up to 30%
with respect to a solution without dolomite for the considered tem-
perature range (Fig. 13b). Moreover, the dolomite effect is more com-
plex than the results obtained by the hypothetical test because Mg2+

can enhance calcite dissolution rate under certain conditions (Ruiz-
Agudo et al. 2009), and it might increase calcite solubility by increasing
ionic strength.

The relatively low weathering rate of silicate minerals limits its
impact on calcite dissolution. For instance, when weathering of an-
orthite is propitiated by carbonic acid, it can increase Ca2+ and alka-
linity with a similar Ca2+/alkalinity ratio than expected for pure calcite
dissolution. However, the dissolution of calcite tends to decrease with
temperature, while being opposite for silicate minerals, increasing with
higher temperature.

In summary, three main different effects, the common ion effect,
ionic strength change and reaction with strong acids need to be con-
sidered spatially explicitly to properly model the land-ocean alkalinity
fluxes from a carbonate-dominated catchment. These effects show de-
finite deviations from the ideal calcite dissolution system, summarized
in Table 3. Ca2+ concentration presents a positive deviation for the
three settings, highlighting the necessity to correct for these effects in
order to consider equilibrium equations for ideal calcite dissolution.

However, alkalinity behaves differently than Ca2+; its concentration
decreases in case sulphide and gypsum minerals are present in carbo-
nate rocks, and it shows a directly proportional dependency on ionic
strength.

4.5. Anthropogenic effects

Anthropogenic activity was identified to shift geochemical baselines
of larger river systems over decades (Hartmann et al. 2007; Raymond
and Hamilton 2018). Carbonate weathering system are due the fast
dissolution kinetics very sensitive to anthropogenic influences (e.g.
elevated levels of nitric acid or sulphur oxides). Li et al. (2008) have
found that 40% of sulphuric acids in soils in Southwest China are re-
lated to anthropogenic activity. Furthermore, the use of fertilizers on
soils may enhance carbonate weathering, for instance, the addition of
N-fertilizers on soils may produce strong acids which can react with
carbonate minerals and alter the carbon consumption (Perrin et al.
2008; Semhi et al. 2000) similar as the reaction through pyrite oxida-
tion (Section 4.3). The application of fertilizers was found to decrease
the contribution of soil CO2 to riverine alkalinity by about 7–17% for
studied catchments (Perrin et al. 2008). In addition, anthropogenic
effects may control the precipitation rates of calcite in rivers due to
phosphate inhibition (Bono et al. 2001; Dove and Hochella 1993; Zhang
et al. 2012).

The use of karstic lands for agriculture or logging activities alters
water quality, and changes the natural ecosystem functioning, which
might cause an increase of soil degradation and erosion, e.g. due to an
increase in surface runoff. The restoration of natural ecosystems on
karst regions can take longer than for other land types (Milanović 2014;
Urich 2002).

On the other hand, the addition of Ca and Mg carbonates (mainly
calcite and dolomite) to soils, or liming, is a common agricultural
practice to increase pH as well as Ca and Mg bioavailability (Diamond
et al. 1992; Moreira and Fageria 2010). This activity can enhance, for
areas other than karst regions, global carbonate weathering fluxes. The
potential carbon sequestration due to agricultural liming has been es-
timated to be around 0.15 × 1012 mol C a−1 for soils located in United
States of America (Hamilton et al. 2007). This is 3 to 4% of the global
carbon fluxes from sedimentary carbonate rock areas calculated in this
work with the idealized calcite weathering approach. However, this
carbon sequestration potential depends also on the applied amount of
fertilizers resulting in acid production, as discussed above.
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Fig. 13. Theoretical calculations of (a) Ca2+ con-
centration and (b) alkalinity against temperature.
Blue circles represent the ideal carbonate equili-
brium and red squares stand for the system CaCO3-
CaMg(CO3)2-CO2-H2O. Results were obtained
using the software PHREEQC with “wateq4f.dat”
database (Parkhurst and Appelo 1999) considering
a constant PCO2 of 0.01 atm. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Table 3
Ca2+ concentration and alkalinity deviations from the ideal system of carbo-
nate dissolution due to different effects. The mean of deviations for the tem-
perature range from 0 to 30 °C is given.

Effect Deviation on Ca2+ Deviation on alkalinity

Common ion effect (Gypsum)a +400% −40%
Ionic strength (NaCl)b > +40% > +40%
Strong acids (FeS2 oxidation)c +20% ~−5%
Dolomite (CaMg(CO3)2)d ~−40% ~+30%

a Gypsum Saturation index = 0; Calcite saturation index = 0 and;
PCO2 = 0.01 atm.

b NaCl = 0.1 M; Calcite saturation index = 0 and; PCO2 = 0.000398 atm.
c FeS2 = 0.267 M; Calcite saturation index = 0 and; PCO2 = 0.01 atm.
d Dolomite saturation index = 0; Calcite saturation index = 0 and;

PCO2 = 0.01 atm.
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4.6. Future work for a more holistic carbonate weathering approach

Global CO2 consumption due to calcite dissolution can be difficult to
predict because temperature can exert different effects on the system
CaCO3-CO2-H2O. For instance, calcite can precipitate in the soil profile
in warm and dry conditions, decreasing total weathering flux, as sug-
gested by Goddéris et al. (2013). Moreover, the CO2 evasion from rivers
increases significantly with temperature (Lauerwald et al. 2015), and is
one control on the calcite precipitation in the river bed, reducing the
total carbon flux to the ocean. Locations and rates, where and at which
saturation state this happens considering stream water velocity, biolo-
gical activity, seasonality or street salt application (Dreybrodt et al.
1992; Rupp and Adams 1981; Suarez 1983; Szramek and Walter 2004;
Zaihua et al. 1995), need to be determined for parameterization in a
global model approach.

The function for alkalinity concentrations in dependence of land
surface temperature is best representing the general dynamics of ob-
served concentrations in rivers, but shows, based on the available data,
large uncertainties. The approach could be enhanced by compiling
more data, specifically from tropical regions, covering seasonality and
in addition instant discharge information. An enhanced approach might
include the identification of temperature depending alkalinity for dif-
ferent [Ca2+]:[Mg2+] ratios (Fig. 2) and considering ranges of eva-
porite and sulphide contributions (among other characteristics like
catchment size, steepness of the catchment, etc.). Tropical humid areas
are of certain interest, due to the high contribution to global weathering
fluxes, but also because there are still not enough constraints on the
tropical settings (c.f. Fig. 8). However, it was shown that by coupling
weathering and degassing processes with soil-rock properties, including
a soil-rock PCO2 constraint, a more holistic approach could be achieved
in the future.

Thermodynamic equations can be implemented to estimate global
CO2 consumption due to carbonate weathering. However, the spatially-
explicit mineralogical composition of carbonate systems is required to
improve the presented idealized model. The different approaches pre-
sented in this work are able to assess the weathering of calcite com-
posed carbonate sedimentary rocks (SC), and do not account for car-
bonate dissolution from other lithological classes, which contribute
relevantly to global carbonate weathering fluxes (Hartmann et al. 2009;
Hartmann et al. 2014b). Their contribution is needed to explain the
high proportion of calculated global CO2 consumption by carbonate
weathering on the total global CO2 consumption by weathering, using
inverse methods (Gaillardet et al. 1999).

In a next step, the thermodynamic equation approach which is
constrained by soil PCO2 due to biological activity should be coupled
with a degassing model without increasing significantly computational
time for calculations. In the future, detailed models should be created to
quantify the global effect of CO2 evasion from rivers, while considering
the transitional zone from open to closed conditions in the soil-rock-
system. In addition, the dilution effect due to rain events for different

land cover and geomorphological setups, further mineral phases and,
finally, the effect of anthropogenic activity need to be addressed. Latter
processes might be relevant in order to understand to what degree
human activity influences the lateral alkalinity fluxes and to quantify
the response to climate processes.

5. Conclusion

The findings support that calcite weathering fluxes in the soil-rock
profile are higher than the land-ocean flux via river systems. The
identified climate sensitivity of carbonate weathering suggests that an
increase of the mean land temperature is not necessarily causing an
increase of lateral weathering fluxes. In addition, increasing tempera-
tures have the potential to increase precipitation of carbonate minerals
due to its influence on the carbonate system, as suggested, for example,
by Goddéris et al. (2013).

The observed temperature dependency of alkalinity in rivers sug-
gests that calcite dissolution increases with temperature in cold to
temperate regions up to a maximum around 11 °C for land surface
temperature. This is in part because of an increase in soil-rock PCO2.
The opposite is the case for warmer regions, despite of the identified
higher levels of soil-rock PCO2. However, a general impact of climate
change on global calcite dissolution rates is difficult to identify, due to
discussed further factors, the abundance of other minerals, locations of
non-open system conditions, anthropogenic influences, possible dilu-
tion due to relevant surface runoff contribution to the river water, and
the CO2 evasion from surface waters. Hence, to be able to model global
carbonate rock weathering, instead of the idealized system presented
here, would demand that these processes be addressed. However, for
most of these processes there is still an insufficient amount of field
studies available to parameterize all of these effects and to address the
geochemical variety of carbonate rock systems. Therefore, modelling
carbonate weathering at the global scale and estimating the impact of
climate change will rely, until solved, on idealized weathering models,
being either conceptual or mechanistic in high detail.

Future works should focus on understanding the global effect of
instream processes in the carbon cycle and the predominance of closed
to semi-closed conditions with respect to CO2 availability for carbonate
weathering. For this, more temporal river chemistry data should be
collected, mainly in tropical karst regions, to decipher the main me-
chanism causing the decrease in alkalinity concentration observed in
river data.
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Appendix A. Equilibrium model

The concentration of chemical species at equilibrium with calcite dissolution was calculated considering open conditions for the system CaCO3-
H2O-CO2 and a given calcite saturation index (SIc = 0 or SIc = 0.5, when applicable), represented by the following chemical reactions:

++H O H O OH2 ,l aq aq2 ( ) 3 ( ) ( ) (A.1)

CO CO ,g aq2( ) 2( ) (A.2)
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+ + +CO H O HCO H O2 ,aq l aq aq2( ) 2 ( ) 3( ) 3 ( ) (A.3)

+ + +HCO H O CO H O ,aq l aq aq3( ) 2 ( ) 3( )
2

3 ( ) (A.4)

++CaCO Ca CO ,s aq aq3( ) ( )
2

3( )
2 (A.5)

with equilibrium constants Kw, KPCO2, K1, Ka2 and Ksp, expressed as:

= +K H O OH( ) ( ),w 3 (A.6)

=K
CO

fCO
( )

,PCO
aq2( )

2
2 (A.7)

=
+

K HCO H O
CO

( )( )
( )

,
aq

1
3 3

2( ) (A.8)

=
+

K CO H O
HCO

( )( )
( )

,a2
3
2

3

3 (A.9)

= +K Ca CO( ) ( ),sp
2

3
2 (A.10)

where parenthesis indicates activity of chemical species and “f” fugacity of gases. In this work we assumed that fugacity is equal to partial pressure.
Alkalinity was assumed to be [HCO3

−] + 2[CO3
2−] + [OH−] − [H+]. The equilibrium equations were solved using the charge balance equation

and the Newton-Raphson method for the numerical approach. The standard equilibrium constants (K) at 25 °C for each chemical equation (from Eqs.
(A.1) to (A.5)) are reported in Table A.1, the temperature dependency of the equilibrium constants (K) and the Henry's constant (KPCO2) was
calculated using the Van't Hoff equation (Eq. (A.11)), given by:

=
°

ln K
K

H
R T T

1 1 ,2

1 2 1 (A.11)

where T represents the absolute temperature in Kelvin, ΔH° is the standard enthalpy of reaction and R is the gas constant. Furthermore, the activity
coefficient of each chemical species i (γi) was calculated using the Davies Equation (Eq. (A.12)):

=
+

log Az I
I1

0.3I ,i i
2

(A.12)

where A is a temperature related constant, zi is the charge of the chemical species and I is the ionic strength of the solution.

Table A.1
Solubility product constants at 25 °C (K) and standard enthalpy (ΔH°) for the reactions con-
sidered in this work (Romero-Mujalli et al. 2018).

Reaction number Constant (K) ΔHr° (KJ/mol)

A.1 10−14 55.9066
A.2 10–1.468a −19.983
A.3 10–6.352 9.109
A.4 10–10.329 14.90
A.5 10–8.48 −9.61

Thermodynamic data was taken from phreeqc.dat database after Parkhurst and Appelo (1999).
a Henry's constant for dissolution of gas CO2 in water.

Furthermore, closed system conditions were calculated using a simplified equation based on the following summarized chemical equation for
calcite dissolution:

+ + ++CaCO CO H O Ca HCO2 ,s aq l aq aq3( ) 2( ) 2 ( ) ( )
2

3( ) (A.13)

The total concentration of calcium ions, [Ca2+]t was assumed to be equal to half of the concentration of carbonate acid, [HCO3
−]. In order to

account for closed system conditions, the initial PCO2 (PCO2i) should be equal to [Ca2+]t + [CO2(aq)], and [Ca2+]t is determined by solving the
following equation:

+ =+ +Ca
K K
K

Ca
K K K

K
PCO[ ]

4
[ ]

4
0,t

sp

a
t

sp PCO

a
i

2 3 1

2 1
2

2

2 1

2 1
2

2
2

2

(A.14)

where γz stands for the activity coefficient for ions of charge “z” (Eq. (A.12)), and Ksp, K1, Ka2, KPCO2 are the equilibrium constants for Eqs. (A.5),
(A.3), (A.4), and (A.2), respectively (see Table A.1).
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Appendix B. Schematic of global calcite weathering model

Fig. B.1. Schematic of how calcium carbonate dissolution was modelled using different constraints. The assumption alkalinity is approximately [HCO3
−] was applied

for the alkalinity parameterization only to calculate global alkalinity rates, equivalent to the weathering rate (r). The equilibrium approaches were used to calculate
concentrations of Ca and alkalinity due to dissolution of calcite. For this scenario, alkalinity is represented as [HCO3

−] + 2[CO3
2−] + [OH−] − [H+]. Alkalinity

weathering rates (r) and resulting CO2 fluxes are discussed in the main text.
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