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A B S T R A C T   

The application of ground silicate minerals to agricultural soils has been proposed as a method for taking up CO2 
by enhancing the weathering rate of these minerals through their exposure to soil acids. Alternatively, glacial 
rock flour, a finely grained material which is abundantly available without the need for energy-intensive 
grinding, could be used. However, simple and inexpensive methods for determining the amount of CO2 taken 
up as a result of weathering of applied minerals are still needed, and the impact of non-carbonic acids on CO2 
uptake has yet to be accounted for. Here, we present a protocol for correcting estimates of CO2 uptake due to 
enhanced mineral weathering to account for weathering by non-carbonic soil acids. We determine that soils with 
a pH below 6.3 need correction for weathering by other acids than carbonic acid and that, given the impact of 
non-carbonic acids, soils with a pH below 5.2 may not be ideal candidates for mineral applications aimed at CO2 
uptake, depending on the pCO2. We report an estimated CO2 uptake of 728 kg CO2 ha− 1 after the application of 
50 tons ha− 1 of Greenlandic glacial rock flour to an acidic, sandy soil in Denmark over 3 years.   

1. Introduction 

According to the IPCC’s 2018 report, negative emissions technolo-
gies are now necessary to prevent >1.5 ºC of global warming (IPCC, 
2018). Recently, the enhanced weathering of silicate minerals through 
application to agricultural lands has gained traction as a possible tool for 
sequestering significant amounts of carbon and improving agricultural 
productivity in highly weathered and nutrient depleted soils (Amann 
and Hartmann, 2019; Beerling et al., 2018; Haque et al., 2019; Kelland 
et al., 2020). The dissolution of silicate minerals by carbonic acid con-
sumes H+ ions and releases base cations, which allows for the dissoci-
ation of dissolved CO2 to bicarbonate and carbonate ions (carbonate 
alkalinity), sequestering CO2 as dissolved inorganic carbon. These 
weathering products may eventually be transported to the ocean where 
they can be stored for thousands of years (Renforth and Henderson, 
2017). 

This process has a number of potential co-benefits, namely coun-
teracting ocean acidification by contributing alkalinity and improving 
crop yields via the release of plant nutrients (Hartmann et al., 2013). 
Selling carbon credits based on the CO2 consumed could offset the cost 
of the mineral applications, but quantifying the amount of CO2 taken up 

by mineral dissolution in such a way that fulfills the requirements of 
carbon accreditation agencies without incurring high measurement 
costs can be difficult (Amann and Hartmann, 2022). Though it is 
possible to measure the increase in pedogenic carbonate in alkaline soils 
(Haque et al., 2020; Khalidy et al., 2021), methodologies that can be 
used by farmers have not yet been developed for acidic soils, which 
comprise over half of the world’s potentially arable land (Von Uexkull 
and Mutert, 1995). 

Here we develop a method of calculating CO2 uptake from silicate 
weathering that also corrects for weathering by sources of acidity other 
than carbonic acid, which would decrease the amount of carbon uptake 
associated with mineral weathering. This method is based on differences 
in soil exchangeable cations (Mg2+, Ca2+, K+, and Na+ held by negative 
charges on the soil surface) as a proxy for dissolution. Though this 
method is applicable to the application of any form of silicate minerals, 
we demonstrate its use with data taken over the course of 3 years from a 
field trial with the application of glacial rock flour from Greenland to a 
sandy agricultural soil in southern Denmark. We show that Greenlandic 
glacial rock flour, which has been shown to significantly improve crop 
yields (Gunnarsen et al., 2023), can also be effectively used to take up 
CO2 through enhanced weathering. 
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1.1. Methods for quantification of CO2 consumption 

Placing silicate minerals in the soil environment allows the weath-
ering action of soil acids, including carbonic acid, to increase the rate of 
mineral dissolution (Harley and Gilkes, 2000). The decomposition of 
organic matter can elevate the soil pCO2 up to 100 times relative to the 
atmosphere (Strawn et al., 2015). Elevated pCO2 increases the concen-
tration of carbonic acid in the soil solution, which can react with silicate 
minerals to release base cations and generate alkalinity, as illustrated by 
the dissolution of the feldspar anorthite:  

CaAl2Si2O8 + 2H2CO3 + H2O → Ca2+ + 2HCO3
− + Al2Si2O5(OH)4      (1) 

Organic acids in the soil can also be important drivers of mineral 
dissolution via ligand-promoted release of Al from the crystal lattice. 
The dissolution of the Al-Si framework can be the rate-limiting step in 
the dissolution process, which indirectly affects the rate at which cations 
can be released by proton-promoted dissolution by carbonic and other 
inorganic acids (Welch and Ullman, 1993). Weathering with carboxylic 
acids would also lead to increased alkalinity and potentially CO2 uptake 
and export from soils. 

Given the complexity of factors affecting the weathering process, it is 
currently not possible to accurately predict weathering rates of a specific 
mineral applied to a specific location over time. It is therefore necessary 
that methods for measuring the amount of CO2 that has been taken up in 
the years following silicate mineral applications be developed so that 
farmers can profit from the sale of carbon credits. 

If all of the silicate mineral dissolution in the soil were due to car-
bonic acid, carbon uptake could easily be calculated based on the dif-
ference in soil exchangeable cations relative to a control as a proxy for 
mineral weathering if we can make the assumption that these cations 
will be flushed out of the system rather than re-precipitated or taken up 
by plants at a later date. However, when stronger acids are present in the 
soil, weathering may be more rapid, but the total consumption of CO2 
can be significantly diminished due to weathering by other sources of 
acidity, which does not generate carbonate alkalinity (Taylor et al., 
2021). 

Measuring differences in carbonate alkalinity output would correctly 
reflect the amount of carbon uptake, but this requires collecting soil 
porewater or leachate, which is a difficult process that is unlikely to be 
undertaken by the farmers who might use silicate minerals on their 
fields and hope to earn carbon credits. We have therefore developed a 
function that uses soil pH and pCO2 to correct the calculated carbon 
uptake based on differences in exchangeable cations in soil samples, 
which farmers are accustomed to taking, to account for alternative 
sources of acidity. 

Here we develop a formula to calculate what percentage of the 
maximum potential CO2 uptake due to weathering has occurred as a 
function of the initial soil pH and pCO2. In acid soils, dissolved inorganic 
carbon remains primarily in the form of bicarbonate and H2CO3*. Given 
the soil pH and pCO2, and assuming the pCO2 remains constant as in an 
open system, we can determine the HCO3

− in the soil solution via the 
formula for the equilibrium constant of carbonate systems, where 
[H2CO3] = pCO2 (atm) / 29.41 (Henry’s Constant), 

K1 =
[H+]

[
HCO−

3

]

[H2CO3]
(2)  

by rearranging to solve for 

[
HCO−

3

]
=

K1 × [H2CO3]

[H+]
(3) 

To determine the amount of H2CO3 converted to HCO3
− during 

mineral dissolution, we must calculate the value of a correction factor, 
X, that represents the proportion of the weathering reactions that con-
verted carbonic acid to bicarbonate rather than consuming excess 
acidity. The new concentrations of HCO3

− and H+ would therefore be 
calculated as follows, wherein t1 indicates the initial concentrations 
before mineral weathering, t2 indicates concentrations after weathering, 
and M indicates the moles of positive charge released by weathering 
based on soil cation measurements: 
[
HCO−

3 t2

]
=
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3 t1

]
+ (M ×X) (4)  

and, given that only the portion of weathering reactions that do not 
generate carbonate alkalinity will consume excess protons in the soil 
solution, 
[
H+

t2

]
=

[
H+

t1

]
− M × (1 − X) (5) 

Given that: 
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We can calculate X as following given the initial (t1) pH and pCO2 of 
a soil solution (S1: Equation Derivation):  

By including both the initial pH and pCO2, the contribution of non- 
carbonic acids to soil acidity is accounted for in the difference be-
tween the pH predicted from pCO2 alone and the actual pH of the soil 
solution. However, this equation does not take into account buffering by 
the soil particle surfaces, and therefore allows the solution pH to in-
crease progressively as dissolution occurs, which in turn increases the 
calculated efficiency. As buffering in the soil tends to maintain the so-
lution pH close to its initial value, we recommend that X not be calcu-
lated from the observed M, but rather a value of 10− 10 mol kg− 1. As this 
value is several orders of magnitude below the H+ concentration, it will 
have no meaningful effect on it and therefore gives X under constant pH. 
Though, in some cases, a detectable increase in pH with mineral appli-
cation will occur, assuming that pH remains constant provides a con-
servative estimate of CO2 uptake. 

X*, a correction factor that assumes a constant pH, should therefore 
be derived as (see supplementary material for X* calculator):  

X =

⎧
⎨

⎩
M2 −

[
M × K1 × [H2CO3]

[H+]

]

− M × [H+]+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

M × K1 × [H2CO3]
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+ M × [H+] − M2

]2

+
4 × M3 × K1 × [H2CO3]

[H+]

√ ⎫
⎬

⎭
÷ 2M2 (7)   
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X* can then be used to calculate the amount of CO2 taken up on an 
area basis in kg ha− 1 based on the difference in moles of positive charge 
associated with base cations per hectare between treatment (Mtreat) and 
control (Mcontrol) plots as follows: 

Δ CO2
(
kg ha− 1) = X∗ × (Mtreat − Mcontrol) ×

44.01 g mol CO− 1
2

1000
(9) 

However, for a given pCO2, there is a pH at which X* has approached 
1, and therefore there is no need to correct for dissolution by acids other 
than carbonic acid (Fig. 1). 

Though it is often stated that soil gas pCO2 ranges between 10 and 
100 times present atmospheric pCO2 (4000–40,000 μatm) (Lal, 2017), if 
pCO2 is not known, we recommend conservatively assuming a pCO2 of 
1000 μatm. For the vast majority of the year, this is approximately the 
minimum soil pCO2 that is reached in soil surface horizons (Albanito 
et al., 2009; Maier et al., 2010; Roland et al., 2015; Yonemura et al., 
2009). Assuming this minimum pCO2, the effect of stronger acids can be 
neglected for all soils with a pH above 6.29, as at this point X* is 
calculated to be within 0.02 of maximum, which we consider to be 
sufficiently close to given that all other assumptions were made 
conservatively (Table 1). Given the considerable variability in soil pCO2 
both spatially and temporally (Albanito et al., 2009; Flechard et al., 
2007; Maier et al., 2010), using this conservative estimate is likely much 
more practical than monitoring pCO2. 

However, it should be noted that making assumptions about pCO2 

can result in significant underestimation of CO2 uptake (Fig. 2). The soil 
pCO2 has the strongest effect on X* around the pH range of 5 to 5.5. The 
effect of pCO2 on X* is weaker at higher pH’s approaching pK1 of the 

carbonate system, and at lower pH’s, in which X* is controlled by the 
presence of stronger soil acids. Assuming that the soil CO2 concentration 
is 1000 μatm does allow for a conservative estimate without having to 
measure CO2 but can result in a significant reduction in the amount of 
carbon calculated to have been taken up and therefore potential carbon 
credits. For example, given a soil with a pH of 5.25 and a pCO2 of 4000 
μatm, which is often described as the lower end of soil CO2 concentra-
tions, assuming a pCO2 of 1000 μatm would result in an underestimation 
of X* by 0.33. Depending on the scale of the project and the pH of the 
soil, some pCO2 monitoring therefore might be worthwhile in order to 
maximize potential income from carbon credits if the cost of monitoring 
is outweighed by the additional credits that could be gained by use of a 
more accurate value for pCO2. 

Identifying the minimum pH at which CO2 uptake is sufficiently 
large to be worth the effort of applying for carbon credits also allows us 
to identify which farmland is worth applying silicate minerals to from a 
carbon uptake perspective. At the assumed pCO2 (1000 μatm), any soils 
with a pH below 5.2 will have an X* value of less than 0.25, likely 
implying that the amount of carbon credits possible may not be worth 
the cost of monitoring, or that monitoring of soil pCO2 is necessary to 
identify if it is in fact high enough to allow for a sufficient increase in X*. 

As soil pH increases past 7.1, efficiency may be reduced due to the 
precipitation of carbonates (Kirk et al., 2015; Lal, 2017), which de-
creases CO2 uptake by half (Eq. (10)).  

Ca2+ + 2HCO3
− -> CaCO3 + CO2 + H2O                                        (10) 

However, as the amount of precipitation expected can only be 
determined by a series of iterative calculations, it would be necessary to 
use PHREEQC or similar geochemical software to determine the extent 
of carbonate precipitation in a given soil (de Moel et al., 2013). Pref-
erably, the increase in soil carbonates would be measured directly 
(Haque et al., 2020; Khalidy et al., 2021). 

CO2 uptake can therefore be measured based on changes in cation 
content without any correction for soil acids or measurement of 

Fig. 1. Effect of soil gas CO2 concentration on efficiency of CO2 uptake, where 
K1 = 10− 6.415 at 15 ◦C (Temperature has little effect between 5 and 25 ◦C: 
Fig. S1). 1000 μatm is the assumed minimum soil pCO2, 4000 μatm represents 
10 PAL (present atmospheric pCO2), and 40,000 μatm represents 100 PAL. 

Table 1 
Range of soil pH’s over which excess acidity can be 
neglected. Lower limit based on X* > 0.98.  

pCO2 (μatm) Lower limit pH 

40,000 5.49 
4000 5.99 
1000 6.29  

Fig. 2. Effect of pCO2 on the efficiency (X*) of CO2 uptake. 1000 μatm (− ) is 
the assumed minimum soil pCO2, 4000 μatm (—) represents 10x atmospheric 
pCO2, and 40,000 μatm (⋅⋅⋅) represents 100x atmospheric pCO2. 
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⎧
⎨
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carbonate precipitation only in soils in the narrow pH range of 6.29–7.1 
(Table 1). 

Soil buffering may temporarily neutralize the produced alkalinity if 
the released cations are exchanged with protons on the soil exchange 
complex, stabilizing the pH under which dissolution continues to take 
place (van Breemen et al., 1983). However, if these cations are leached 
out of the system, their release from the exchange complex, replacing H+

in solution, will result in the reestablishment of the alkalinity initially 
created by the dissolution reaction. Depending on the residence time of 
water entering the system at the application site, it may remain in the 
groundwater for either a few weeks or thousands of years (Kessler and 
Harvey, 2001; Shiklomanov and Rodda, 2004). If eventually transported 
to the ocean, this dissolved inorganic carbon can remain stable in 
seawater between 100,000 and one million years as carbonate precipi-
tation in the ocean is primarily due to biological activity and is other-
wise inhibited in seawater (Renforth and Henderson, 2017). We have 
therefore not incorporated any assumed precipitation upon reaching the 
ocean into our calculations. 

Cations taken up by plants are not included in our calculations of CO2 
uptake, as the exchange of protons for cations to maintain charge bal-
ance within the plant negates the initial production of alkalinity in the 
soil solution (Haynes, 1990). The re-release of these cations upon 
decomposition or burning of the harvested biomass, processes which 
consume protons (Binkley and Fisher, 2020), could still result in the 
production of alkalinity elsewhere (Banwart et al., 2009). However, the 
amount of CO2 uptake at this later point would likewise be dependent on 
the carbonate chemistry of the solution in which this process occurs and 
the source of the hydrogen ion for the decomposition reaction. Any plant 
material or ashes thereof that is allowed to remain on the site will be 
exposed to the same conditions as the weathering minerals, and any 
cations released would simply be included in the site total and corrected 
accordingly. However, if this material is transported away from the site, 
the conditions and timescale under which it will later degrade are un-
known and unlikely to be monitored, and therefore any CO2 uptake 
associated with it is outside of the scope of carbon accounting due to this 
activity. 

1.2. Glacial rock flour 

Though most research on enhanced weathering has focused on the 
use of ground basalt or olivine due to their relatively fast weathering 
rates and high potential for CO2 uptake (Amann et al., 2020, 2018; 
Amann and Hartmann, 2022; Dietzen et al., 2018; Garcia et al., 2019; 
Kelland et al., 2020; Lewis et al., 2021; Renforth et al., 2015; Rinder and 
von Hagke, 2021; Taylor et al., 2015; ten Berge et al., 2012; Vienne 
et al., 2022), energy intensive grinding is needed to reduce these ma-
terials to a useful grain size (<100μm) (Moosdorf et al., 2014). Glacial 

rock flour (GRF) is found in nature with grain sizes much smaller than 
achievable by grinding on large scales- the median grain size of the 
Greenlandic GRF used in our study was only 2.6 μm, with a BET specific 
surface area of 19.6 m2 g− 1. The small grain size and larger surface area 
of this material may compensate for being perhaps more chemically 
resistant to weathering than alternative silicate materials. 

The CO2 uptake capacity of a particular mineral is determined by the 
concentration of base cations, particularly those with a +2 charge 
(Mg2+, Ca2+). Mafic rocks like basalt and ultramafic rocks like dunite 
typically have a higher CO2 uptake capacity than the felsic rocks that the 
glacial rock flour is primarily derived from. However, grain size sorting 
has resulted in the Ilulialik rock flour (Table 2: Ilulialik GRF) being 
depleted of larger quartz grains and enriched in biotite. The Ilulialik 
rock flour was collected from a marine deposit in the Nuuk fjord. Inputs 
to this deposit have first passed through Lake Tasersuaq, where more 
coarse-grained quartz sand (SiO2) particles tend to settle from suspen-
sion, while more fine-grained micas that contain base cations would 
predominantly settle after flocculation in the marine delta (Sarkar, 
2021). The composition and CO2 uptake capacity of the GRF used in our 
study is therefore closer to the average composition and CO2 uptake 
capacity of continental flood basalts than its source material due to the 
relative increase in the base cation content (Pearce et al., 1977). How-
ever, this GRF contains over three times more potassium than basalt, 
which may make it a more effective fertilizer. As a result of the marine 
depositional environment, the Ilulialik material also contains a small 
amount of NaCl (Sarkar, 2021) and minimal amounts of carbonate 
minerals (<1%). 

The Ilulialik rock flour used in this experiment consists of 27.4% 
biotite, 18.6% oligoclase/andesine, 14.6% amphibole, 14.1% anorthite, 
10.5% quartz, 4.3% Fe-oxide, 2.8% K-feldspar, and 2.4% muscovite 
(measured with ZEISS Sigma 300VP Field Emission Scanning Electron 
microscopy by the Geological Survey of Denmark and Greenland). 
Before being used in this field trial, this material was stored outdoors 
and exposed to rainfall, resulting in partial leaching of NaCl relative to 
the Ilulialik material described originally by Sarkar (2021). 

2. Methods 

In order to determine the effectiveness of glacial rock flour as an 
agricultural amendment intended to increase yield and take up CO2 via 
enhanced weathering, glacial rock flour was applied to a certified 
organic farm near the town of Vojens in southern Denmark 
(55◦12′16.4′′N 9◦15′55.9′′E). The soils at the site are Cambic Arenosols 
formed on glacial outwash sands (GEUS, 2020), with a loamy sand 
texture, a pHH2O of 5.8, and a pHCaCl2 of 5.0. These soils have a relatively 
low cation exchange capacity (7.16 meq 100 g− 1) and a soil organic 
matter content of 5.1%. 

Table 2 
Average composition of 3 types of GRF, continental flood basalts (Pearce et al., 1977), and average upper continental crust (Rudnick and Gao, 2003) in g 100 g− 1. * 
indicates the type of GRF used in this study (Ilulialik). RCO2: Potential CO2 uptake (ton CO2 per ton of weathered rock) based on Mg2+, Ca2+, K+, and Na+ content 
(Renforth, 2012). Estimated Na+ as NaCl (assuming all Cl− is in the form of NaCl) was subtracted from the Ilulialik Na+ content to calculate RCO2. Chemical analysis of 
the GRF was performed by the center de Recherches Pétrographiques et Géochimiques (CRPG) at the French National center for Scientific Research (CNRS), Nancy, 
France (Carignan et al., 2001).   

Ilulialik GRF* Tasersuaq GRF Maalutu GRF Continental Crust Continental Flood Basalts 

SiO2 53.99 56.42 62.895 66.62 53.07 
Al2O3 16.44 15.9005 15.6665 15.4 14.17 
Fe2O3 8.55 6.765 5.1775 5.04 3.07 
MnO 0.12 0.10125 0.0721 0.1 0.21 
MgO 4.95 3.94 2.62 2.48 5.1 
CaO 3.72 4.15 3.71 3.59 8.73 
Na2O 3.84 3.73 3.81 3.27 2.75 
K2O 3.50 2.84 2.86 2.8 1.14 
TiO2 0.71 0.59 0.49 0.64 2.06 
P2O5 0.12 0.12 0.12 0.15 0.35 
Cl (ppm) 4060 – 335 – – 
RCO2 0.25 0.19 0.20 0.18 0.30  
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2.1. Experimental design and installation 

Ilulialik GRF was applied at the site in 2019 at rates of 10 and 50 tons 
ha− 1 (GRF10 and GRF50), and soil sampling was conducted over the 
following three years. The experimental design also included plots that 
had been amended with Patentkali®, a certified organic potash mineral 
fertilizer that was included as a reference K fertilization treatment for 
analysis of effects on yield (Gunnarsen et al., 2023). Plots were arranged 
in a randomized block design with four replicates (Fig. S2). Though 
differences in yield were analyzed in all treatment plots in Gunnarsen 
et al. (2023), here the plots that received Patentkali® are excluded from 
analysis. 

GRF was weighed out and applied to 1 m2 sections to ensure even 
application across the 3 × 20m treatment plots. The GRF was initially 
incorporated into the soil by harrowing to a depth of 80 mm in advance 
of furrowing. Before application of the GRF on April 17th, 2019, the 
entire area was fertilized with cow manure. The entire experimental 
field was fertilized with a biogas slurry before planting of potatoes in 
2020, and with cow manure again before planting of spring wheat in 
2021. In 2021 the spring wheat was also underseeded with a mix of 
clover, ryegrass, and festulolium (DSV Frøblanding Nr. 45) and fertilized 
with 2 kg ha-1 of manganese after planting. No further fertilizers or soil 
amendments were applied in any of the years (as mentioned above, this 
is a certified organic farm). 

Potatoes were initially planted at the site in 2019, but due to their 
failure to germinate, the field was replanted with maize. Potatoes (Nofy 
variety) were successfully grown in 2020, and spring wheat was planted 
in 2021. Planting, harvest, and other relevant dates are outlined in 
Table S1. In 2020, the potatoes also received 125 mm of irrigation. The 
mean annual precipitation (2019–2021) for the region according to the 
Danish Meteorological Institute was 897mm and the mean annual 
temperature was 9.4 ◦C (DMI, 2019). 

2.2. Sampling & analyses 

Soil samples were taken multiple times each year. Though sampling 
procedures varied, when sampling depths were greater than 25 cm, 
measured values were normalized to a depth of 25 cm, either by sub-
sampling and compositing samples from different depth intervals before 
chemical analysis or by using a weighted average of two analyzed depth 
intervals. The mean bulk density from the first set of samples (1.59 g 
cm− 3) was used to calculate exchangeable cations on an area basis (kg 
ha− 1) at all time points, with the exception of samples taken during the 
fall of the potato season (2020), which had unusually low bulk density in 
the 0–15 cm depth interval due to the creation of ridges. Here an 
equivalent soil mass approach was used rather than normalizing to a 
depth of 25 cm. Sampling dates and techniques are outlined in Table S2. 

Soil samples were oven-dried at 50 ◦C, homogenized, and sieved to 2 
mm. Ammonium acetate extractable Mg2+ and K+ of all soil samples 
were determined according to Danish standard methods (Sørensen and 
Bülow-Olsen, 1994) which are typically used by commercial testing 
agencies in Denmark to determine soil exchangeable cations. However, 
ammonium nitrate, a more aggressive extractant (Abedin et al., 2012), 
has been shown to be better able to extract base cations than ammonium 
acetate (Borge, 1997). In order to determine if weathering and CO2 
uptake is better captured with an ammonium nitrate extraction, rather 
than the standard ammonium acetate extraction, samples from select 
time points that displayed the greatest differences from the control were 
re-analyzed using an ammonium nitrate extraction for comparison. 

Three grams of soil were shaken overnight in 30ml of 1M NH4NO3, 
centrifuged for 10 min, and the supernatant retained. Ten ml of 1M 
NH4NO3 was then added to the soil, which was shaken for 10 min before 
centrifuging a second time. The supernatant was again retained, and the 
previous process was repeated once more. The collected supernatant 
was then vacuum-filtered through a 0.22 μm Millex-GP filter (Millipore) 
and the resulting solution was analyzed for exchangeable cations (Mg2+, 

K+, Ca2+, Na+) by ICP-MS on a PerkinElmer ELAN 6000. 
Soil pH at all time points was measured in 0.01 M CaCl2 at a soil- 

solution ratio of 1:2.5 (Sørensen and Bülow-Olsen, 1994) for the pur-
pose of examining changes over time. The pHH2O of the initial samples 
from the control plots was measured at the same soil-solution ratio. This 
was used for calculating the CO2 correction factor (X*) as pHH2O is more 
representative of the soil solution and therefore the conditions that the 
GRF is dissolving in than pHCaCl2, which is typically lower as it includes 
protons displaced from the soil exchange complex (Flechard et al., 
2007). 

2.3. Statistical analysis 

The effects of treatment and sampling time-point on measured 
response variables were tested using a linear mixed model (“nlme” in R 
version 4.1.0) fit to the data with treatment level and sampling point as 
interacting, categorical fixed factors and plot nested within block as a 
random factor to account for the experimental design and repeated 
measures over time (Pinheiro et al., 2017). Residual plots were inspec-
ted to ensure the model assumptions of normality and homogeneity of 
residuals were met. One control plot from Month 28 was removed from 
the pH analysis as an outlier as it was unrealistically high. To account for 
heteroskedasticity, the “weights” function was used to allow variances 
to differ between sampling points. Treatment level was also included in 
the weights function when it improved the AIC of the model. Means of 
treated plots were compared to the control at each time point by use of 
Dunnett’s test (α=0.05) (“emmeans” in R). Differences in the mean pH 
across all treatments and ammonium acetate extractable Mg2+ (MgAA) of 
the control plots between consecutive seasons were also tested (“consec” 
in “emmeans”, “mvt” correction used for multiple comparisons). A 
linear model was used to test the relationship between MgAA and 
ammonium nitrate extractable Mg2+ (MgAN) using all samples from the 
three months in which both types of extraction were performed. 

3. Results 

In September 2019, five months after the GRF application (Month 5), 
there was an increase of MgAA in the GRF50 plots of 52 kg ha− 1 (p =
.010), from 172±9 kg ha− 1 in the control plots to 225±16 kg ha− 1 in the 
GRF50 plots (Fig. 3). By November (Month 7), the difference had 
decreased to 31 kg ha− 1 (p = .002), and by the following spring (Month 
12), the difference between GRF50 and the control was minimal and no 
longer significant. A significant increase in MgAA was observed again in 
July of 2021 (Month 28), at which point GRF50 increased MgAA by 37 kg 

Fig. 3. Ammonium acetate extractable Mg2+ treatment means (kg Mg2+ ha− 1 

to 30 cm depth) over time (months after GRF application). GRF10 indicates the 
10 t GRF ha-1 treatment and GRF50 indicates 50 t GRF ha-1. Error bars are SE. * 
indicates GRF50 is significantly greater than the control (p < .05). 
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ha− 1 (from 203±16 to 239±10) (p = .010). At no point in time was the 
GRF10 treatment significantly different from the control. 

Soil samples from Months 5, 25, and 28, which showed the greatest 
differences in MgAA between the control and GRF50 plots, were also 
subjected to an ammonium nitrate extraction (Fig. 4). Though there was 
a trend towards elevated MgAN in all months tested, this was only sig-
nificant in Month 5, in which MgAN was 74.4 kg ha− 1 greater in the 
GRF50 plots than the control plots (p = .016) (Fig. 4). Even though the 
difference in MgAN between the control and GRF50 in Month 28 (56.7 kg 
ha− 1) was greater than the significant difference in that month in MgAA 
(36.77 kg ha− 1, p = .010), it was statistically insignificant (p = .190). 
This may be due to the much higher variability around the mean 
observed in the GRF50 MgAN values in this month. A significant linear 
correlation was found between MgAA and MgAN (p < .001), showing that 
ammonium nitrate consistently extracted more exchangeable Mg2+ than 
ammonium acetate (Fig. 5). 

NaAN was elevated above the control in the GRF50 plots in the first 
month sampled (Month 5) (p < .001), having increased NaAN by 233 kg 
ha− 1 from 92±7 kg ha− 1 in the control plots to 325±7 kg ha− 1 in the 
GRF50 plots in that month. There was no significant increase with 
treatment in Month 25, though this difference was apparent again in 
Month 28, but the increase was much smaller 17.6 kg ha− 1 (p = .008). 

Though the trend was towards higher KAN with GRF50, this increase was 
only significant in Month 28 (p = .019). Treatment had no effect on KAA 
or CaAN any point. 

There were no significant differences in pH with treatment (Fig. 6A), 
though there were significant differences in pH over time. A large in-
crease in soil pH and MgAA after the harvest of potatoes in 2020 must be 
noted (Fig. 6B). Between Months 17 and 25 pH increased by 0.28 points 
(p < .001), and MgAA in the control plots increased by 74 kg ha− 1 (p <
.001). We suspect that the significant disturbance of the soil during the 
process of harvesting potatoes likely induced additional organic matter 
decomposition, releasing nutrients to the soil and increasing pH (Feng 
and Balkcom, 2017). 

3.1. Calculation of CO2 uptake 

Our calculations of CO2 uptake at Vojens are based upon differences 
in MgAN with treatment. Though the release of any base cations from 
GRF dissolution could result in the uptake of CO2, Mg2+ plays a larger 
role than the other cations. Due to its relatively high concentration, its 
+2 charge, and its lower ratio of mass to charge compared to Ca2+, Mg2+

accounts for 44% of potential CO2 uptake by the dissolution of GRF. 
Mg2+ is also less likely to be taken up as a plant nutrient than K+, 
meaning the creation of alkalinity associated with its release is less likely 
to be negated. 

With the exception of Na+, Mg2+ was also the only soil exchangeable 
cation that significantly increased with the application of GRF at Vojens, 
and therefore it is the only cation that we can confidently base our 
calculations of CO2 uptake on. We did not include Na+, even though 
significant, as it is unknown what portion of the Na+ released is sourced 
from the GRF itself and not the small amount of the highly soluble NaCl 
that accompanies it. NaCl comprises approximately 9% of the Na+

contained in the Ilulialik material, but its dissolution does not result in 
the uptake of CO2. Differences in soil Mg2+ are also likely to be more 

Fig. 4. Difference in ammonium acetate extractable Mg2+ (MgAA) between the 
GRF50 (50 t GRF ha-1) and control plots over time and, at three time points, the 
difference in ammonium nitrate extractable Mg2+ (MgAN) between the GRF50 
and control plots. Error bars are SE. 

Fig. 5. Correlation between ammonium acetate extractable Mg2+ (MgAA) and 
ammonium nitrate extractable Mg2+ (MgAN). 

Fig. 6. A) pHCaCl2 of each treatment [Control, GRF10 (10 t GRF ha− 1), and 
GRF50 (50 t GRF ha− 1)] over time. Error bars are SE. B) Mean pHCaCl2 across all 
plots and ammonium acetate extractable Mg2+ (MgAA; kg ha− 1) in the control 
plots over time. Point 0 represents pretreatment soil measurements of the field. 
* Indicates significant difference between consecutive values. Error bars are SE. 
Gray bars indicate monthly precipitation (mm). 
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easily detectable than differences in soil Ca2+, as most soils contain 
significantly greater and correspondingly more variable amounts of 
exchangeable Ca2+ than Mg2+. In the initial sampling of the control 
plots, the standard deviation of MgAN was 8 kg ha− 1, whereas the 
standard deviation of CaAN was 238 kg ha− 1, making it difficult to detect 
increases in CaAN resulting from silicate mineral application due to the 
inherently large background variability. 

The total kg Mg2+ ha− 1 released from weathering at the higher 
application rate was calculated by adding the difference in MgAN be-
tween the control and GRF50 in Month 5 and the difference between the 
control and GRF50 in Month 28, the two peaks, minus the difference that 
remained in the spring of 2020 (Month 12) converted from MgAA to 
MgAN according to the linear regression of the relationship between 
these values (Fig. 5). Accordingly, we determined that a total of 120.7 kg 
Mg2+ ha− 1 was released by the weathering of GRF. Given that a total of 
1525 kg ha− 1 of Mg2+ was applied with the GRF, this equates to an Mg2+

release rate of 7.9% over the 3 growing seasons. Though a significant 
increase in plant uptake of Mg2+ with treatment was detected in Gun-
narsen et al. (2023), differences in plant Mg2+ were not included when 
calculating weathering rates as they were several orders of magnitude 
lower than differences in soil available Mg2+ and therefore negligible. 

Based on differences in soil available Mg2+ without correction for 
stronger acids, CO2 uptake would have been calculated to be 437 kg 
ha− 1. Given the mean pHH2O of the control plots in 2019 (5.79) and an 
assumed pCO2 of 1000 μatm, the value of X* at Vojens is calculated to be 
0.83. Accounting for stronger acids, a minimum of 364 kg CO2 ha− 1 was 
taken up over this course of the study, indicating that uptake without 
this correction would have been overestimated by up to 20%. These 
values are dependent on our assumptions about soil pCO2 at the site. If 
pCO2 were in fact 4000 μatm, a level often stated to be the lower end of 
soil pCO2 values (Lal, 2017), instead of the assumed 1000 μatm, X* 
would be 0.12 higher: 0.95. If pCO2 were known to be 10,000 μatm or 
greater, the pH of the soil at Vojens is sufficiently high that a correction 
for stronger acids would not be necessary. 

If we assume that Ca2+ and Na+ were both released and leached at 
the same rate as Mg2+, but differences were masked by the large 
inherent soil background variation and concurrent dissolution of NaCl, 
respectively- and include a proportionally equivalent amount of Ca2+

and Na+ weathering, the estimated CO2 uptake for GRF50 increases to 
728 kg CO2 ha− 1, or 14.6 kg CO2 per ton of GRF over 3 years. This 
calculation only includes Na+ that was not present as NaCl, assuming 
that all Cl was in the form of NaCl. K+ is not included as seemed to be 
completely taken up by plant growth (Gunnarsen et al., in review), 
though a difference in KAN was observed with treatment in the last 
month measured, which was sampled after harvest when there was no 
longer any plant uptake. 

4. Discussion 

The observed dissolution rates of Ilulialik GRF, though consistently 
lower, are on the same order of magnitude as basalt. Steady state lab-
oratory dissolution rates of Ilulialik GRF were found to be around 
10− 10.5 mol Si m− 2 s− 1 (Sarkar, 2021), while the dissolution rate of 
crystalline basalt tends to be greater than 10− 10 mol Si m− 2 s− 1 at 
comparable experimental conditions (Gudbrandsson et al., 2011). 
Likewise, the observed BET normalized Mg2+ elemental release rate of 
Ilulialik GRF50 (10− 12.62 mol Mg2+ m− 2 s− 1) at Vojens is approximately 
30–60% lower than the range of observed and modelled rates of Mg2+

release from basalts added to soils (10− 12.18 and 10− 12.45 mol Mg2+ m− 2 

s− 1, respectively) (Kelland et al., 2020; Rinder and von Hagke, 2021), 
despite the fact that these basalts contain less Mg2+ than the GRF 
(Table 3). 

Based on these release rates and reactive transport modeling, Kelland 
et al. (2020) predicted approximately 27 kg CO2 uptake per ton of basalt 
in columns treated with 100 t ha− 1 of basalt with a D80 grain size of 
1250 μm over 3 years. This is almost twice as much as the 14.6 kg CO2 
uptake per ton of GRF observed over 3 years at our site. Rinder and Von 
Hagke (2021) predicted even greater rates of CO2 uptake per ton of 
basalt. Using a shrinking core model of basalt with a grain size of <10 
μm, they predict approximately 80 kg CO2 uptake per ton of basalt after 
3 years. This amount of CO2 uptake is much greater than that observed 
by this study or Kelland et al. (2020) in the field, but the authors do note 
that the weathering rate used in their model may be on the high end as it 
was determined under laboratory conditions and at a higher tempera-
ture than expected in the field (Gudbrandsson et al., 2011; Rinder and 
von Hagke, 2021). The effect of application rate is also not accounted for 
in this model. It appears that CO2 uptake associated with the application 
of GRF may not be as high as that of basalt, but given the wide variety of 
grain sizes, application rates, and environments studied, research con-
ducted under more uniform conditions for better comparison is needed 
before this can be known for certain. 

Our calculations of CO2 uptake at Vojens are based on the assump-
tion that the difference in soil Mg2+ with treatment disappeared over the 
course of the winter rainy season due to leaching and not precipitation of 
secondary minerals. This assumption is fairly reasonable given that the 
sandy soils at this site are well drained with a low CEC. These properties, 
combined with higher leaching rates in the autumn and winter when the 
lack of crop cover combined with surplus rainfall result in a positive 
water balance (Jabloun et al., 2015), render it likely that cations would 
be transported out of the soil before secondary minerals could form. 
Leaching of Mg2+ as high as 69.2 kg Mg2+ ha− 1 has been observed at 
other sites (Mesic et al., 2007), which suggests that it is possible that 64 
kg Mg2+ ha− 1, the observed decrease in difference between GRF50 and 
the control between harvest and spring measurements after the first 
growing season, could have been leached away over the winter months. 
The export of Mg2+ from the system prevents the reversal of alkalinity 
production in later seasons by plant uptake of Mg2+ in exchange for H+, 
unless plant uptake occurs in depths deeper than those sampled 
(>25cm). This is unlikely with potatoes, which primarily root in the 
plow layer, but could be possible under maize, which has a much deeper 
root system (Yamaguchi and Tanaka, 1990). However, as plant demand 
for Mg2+ is relatively low, and plant uptake was observed to be several 
orders of magnitude lower than the amount accumulated in the soil, 
later uptake may only have a negligible on CO2 uptake. 

Further research is needed to investigate the effects of different crop 
types on GRF dissolution and the associated CO2 uptake. Cereals, 
including maize, are known to be more efficient at taking up non- 
exchangeable K+ than potatoes due to differences in their root systems 
(Wang et al., 2000; White, 2013), which may have resulted in reduced 
weathering under the potato crop. The possibly lower weathering ability 
of potatoes may also be the reason why no significant difference was 
detected in MgAA in the second year, unlike the first and third. 

Our findings recommend the use of ammonium nitrate extractions 

Table 3 
Comparison of CO2 uptake due to glacial rock flour application with previous 
estimates of CO2 uptake due to application of ground basalt. A: (Lewis et al., 
2021); B: (Gudbrandsson et al., 2011); C: (Navarre-Sitchler and Brantley, 2007); 
*approximate- read from graph.   

This 
study 

Kelland 
et al. (2020) 

Rinder and von 
Hagke (2021) 

Material Ilulialik 
GRF 

Basalt Basalt 

Grain Size (μm) D50= 2.6 D80 = 1250 <10 
Application Rate (t ha− 1) 50 100 N/A- Shrinking 

core model 
BET surface area m2 g− 1 19.6 7.35 18.61 
Soil pH 5.79 6.6 5.84B 

BET normalized Mg2+ elemental 
release rate (mol Mg2+ m− 2 

s− 1) 

10− 12.62 10− 12.18 10− 12.45 B 

% Mg2+ 2.98 1.3A 1.29C 

CO2 uptake (kg CO2 t− 1 over 3 
years) 

14.6 ~27 ~80*  
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over ammonium acetate for acidic soils to ensure that increases in 
exchangeable cations and consequently CO2 uptake are not under-
estimated. However, additional research is still needed to improve rec-
ommendations for the measurement of necessary parameters- such as 
timing and frequency of measurements of pH, exchangeable cations, and 
pCO2 for a variety of cropping systems and environments. As farmers are 
unlikely to have a suitable control field for comparison with the treated 
field to determine the increase in Mg2+ with treatment, alternative 
methods of detecting the release of cations will be necessary. This could 
potentially be done by establishing site-specific baselines in absence of a 
control, which will likely require monitoring of a site for at least a year 
in advance of treatment in order to identify seasonal variations in soil pH 
and nutrient content. Based on this, farmers can select time points for 
sampling that are reflective of leaching patterns at their particular site. 

For example, at Vojens, sampling could be done in the spring, after 
the majority of over-winter leaching has occurred and again after har-
vest but before the rainy season starts again and leaching recommences, 
when weathering products have had an opportunity to build up in the 
soil. By comparing these two time points, as long as no other amend-
ments were added to the field, any increase in Mg2+ can be assumed to 
be due to the dissolution of the silicate minerals. The data from Vojens 
supports the use of this method, as the difference in MgAA between 
GRF50 and the control in the fall of 2020 (Month 17) (28.3 kg ha− 1) is 
fairly comparable to the difference (31.1 kg ha− 1) in the MgAA of GRF50 
between the spring of 2020 (Month 12) and the fall. This would, how-
ever, be complicated by the addition of any other Mg2+-bearing soil 
amendments, or if significant soil disturbance results in increased 
organic matter decomposition and nutrient release (Feng and Balkcom, 
2017), such as observed after mechanized potato harvesting at Vojens. 
Additional research is needed to determine how to best account for such 
effects in absence of a control. 

Though silicate mineral treatments can increase soil pH (Dietzen 
et al., 2018), the use of a constant pH for the efficiency calculations is 
still preferred as these differences, in many cases, will be smaller than or 
comparable to seasonal differences in pH (Wuest, 2015). This was the 
case at Vojens, where sampling point had a significant effect on soil pH 
but treatment did not. Because of this, pre-treatment soil monitoring is 
also needed to learn what time of year soil pH tends to be lowest at a site. 
Soil pH for CO2 uptake calculations should be measured in water at this 
lowest point in order to ensure a conservative estimate of CO2 
consumed. However, large changes in pH, such as those observed after 
potato harvesting, may be reason to change the pH used in later calcu-
lations of the efficiency of CO2 uptake. 

Further research is needed to confirm the effectiveness of the pro-
posed correction. This could be done by collecting leachate and 
comparing CO2 uptake predicted from changes in soil cations with 
measured alkalinity fluxes. Experimental measurement of exchangeable 
cations in leachate as a proxy for CO2 uptake via weathering should also 
be corrected according to the proposed methods and could also be used 
to ground truth estimates derived from soil samples. Taylor et al. (2021) 
reported that the modeled stream-water bicarbonate flux at Hubbard 
Brook after wollastonite application to the watershed was generally 20% 
lower than would have been calculated by the Ca2+ flux. This correlates 
exceedingly well with the mean X* of 0.21 calculated from the pH and 
DIC (pCO2 calculated using CO2SYS v2.1 (Pierrot et al., 2006)) of all soil 
solution samples collected in the B horizon since the application of 
wollastonite to the site (Driscoll, 2022). 

The function described in this paper allows for an estimate of the CO2 
uptake efficiency of a site in advance of mineral applications, which will 
allow for improved site selection if the goal of application is strictly CO2 
uptake or cost savings on monitoring if minerals are applied to improve 
plant growth but unlikely sequester sufficient carbon. However, there 
may still be a climate benefit to applying silicate minerals even in the 
case of low pH, as the neutralization of this acidity is usually done with 
agricultural lime (CaCO3). The dissolution of lime releases CO2, so the 
use of silicate minerals as an alternative amendment for to increase soil 

pH can prevent one source of agricultural CO2 emissions (Dietzen et al., 
2018). 

5. Conclusion 

Here we demonstrated the application of a protocol for CO2 uptake 
calculations due to enhanced weathering that accounts for dissolution of 
silicate minerals by other soil inorganic acids in addition to H2CO3. In 
doing so, we have also shown that the application of Greenlandic glacial 
rock flour to an acidic agricultural field can take up approximately 14.6 
kg CO2 per ton of GRF over 3 years at an application rate of 50 t ha− 1, 
totaling 728 kg CO2 ha− 1. Our estimated CO2 uptake does not take into 
account emissions due to extraction, transportation, and application 
(Wulffeld, 2021), which can delay the net positive effect of silicate 
mineral applications (Rinder and von Hagke, 2021). These would need 
to be thoroughly accounted for before mineral application to ensure that 
it is possible for the uptake due to weathering to outweigh emissions due 
to transportation within a reasonable time frame. However, as the 
transportation sector is progressively de-carbonized (Sims et al., 2014), 
the reductions in net uptake due to transportation will become less of a 
hindrance to the effectiveness of this method of carbon removal. Further 
research is needed to ground truth our proposed method of calculating 
CO2 uptake and to determine best practices for soil cation sampling 
across a range of environmental conditions in order to provide farmers 
with clear protocols for monitoring and verifying CO2 uptake associated 
with enhanced mineral weathering. 
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