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A B S T R A C T

Total Alkalinity (TA) is widely used as a proxy for captured CO2 in enhanced weathering (EW) applications. 
However, organic anions can also contribute to TA. To improve carbon accounting in EW, which is often 
simplified to that TA equals carbonate alkalinity, their contribution should be taken into account.

In this study, we tested how dissolved organic carbon (DOC) contributes to non-carbonate alkalinity (ANC) 
using microcosm experiments with artificial organo-mineral mixtures. We used different combinations of rock 
powder with straw, microbes and earthworm additions, under ambient air conditions. The microcosms were 
flow-through columns placed in a climate chamber at 25 ◦C, which were irrigated with groundwater at rates 
between 1200 and 3600 mm/yr. The concentrations of several low-molecular-weight organic acids (oxalate, 
citrate, acetate, gluconate) were quantified to assess which conjugate base anions impact the measured TA.

Results revealed a ratio of 3.5 mol DOC per ANC equivalent. In the overall experiment the median contribution 
of ANC to TA was around 5.5 %. A positive correlation between DOC and charge-balance error suggests that some 
organic acid anions remained deprotonated during TA titration. Acetate anions found in DOC-rich water samples 
further support a substantial contribution of organic anions to TA. To investigate the relevance of ANC for natural 
EW systems, we also quantified ANC contributions in natural waters and leachates from soil EW experiment 
mesocosms. Because DOC levels were lower, ANC contributions were smaller, ranging from a median of 4.1 % in 
soil mesocosm leachates down to 0.9 % in Elbe estuary water samples. This ANC contribution, despite seeming 
small, is relevant for carbon accounting in terrestrial EW practices, where TA is often assumed to be solely 
carbonate alkalinity.

1. Introduction

Climate change is one of the most urgent environmental problems of 

the 21st century. To limit anthropogenic global warming to 2 ◦C or lower 
by 2100, all IPCC emission scenarios require not only substantial 
emission reductions but also the deployment of carbon dioxide removal 
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(CDR) approaches (IPCC, 2022a, 2022b; Smith et al., 2024). One CDR 
approach receiving growing scientific and practical interest is enhanced 
weathering (EW), a novel, nature-based CDR method.

EW aims to accelerate the dissolution of rock and increase alkalinity 
fluxes to the oceans (Beerling et al., 2020; Goll et al., 2021; Hartmann 
et al., 2013; Schuiling and Krijgsman, 2006; Seifritz, 1990). Dissolution 
of silicate minerals is a natural process that has regulated the global 
carbon cycle on geological timescales, while the weathering of carbon
ates provides a CO2 sink on shorter time scales due to carbonate for
mation in the ocean and following CO2 degassing (Berner, 2003; Walker 
et al., 1981).

Due to their global abundance and rapid weathering rates, mafic and 
ultramafic silicate rocks are the main focus of EW application studies 
(Hartmann et al., 2013). Mafic and ultramafic rocks are mainly 
composed of low-silica silicate minerals, including olivine, pyroxene, 
and plagioclase. Mineral dissolution rates vary between minerals by 
several orders of magnitude for constant environmental conditions 
(Lasaga et al., 1994). Compared to terrestrial carbonate weathering, 
silicate weathering and transfer of bound CO2 in the form of alkalinity 
into the ocean are assumed to represent a longer removal pattern. When 
dissolved carbonate species (HCO3

− , CO3
2− ) reprecipitate as carbonate 

minerals (in the ocean or in soils) CO2 is released (see Eq. (2) to Eq. (3)). 
As an illustrative example, the weathering reactions of wollastonite 
(CaSiO3) and calcite (CaCO3) with carbonic acid are shown below (see 
Eq. (1) and Eq. (2)).

Silicate dissolution CaSiO3(s) + 2 CO2(g) + 3 H2O→ Ca2+ + 2 HCO3
− +

H4SiO4(aq)

Eq. 1

Carbonate 
dissolution

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

2
Mineral 

carbonation
Ca2+ + 2 HCO3

− →CaCO3(s) + CO2(g) + H2O Eq. 
3

After the dissolution reaction, the previously gaseous CO2 is bound as 
aqueous carbonate species (HCO3

− , CO3
2− ), which at a pH of around 7–8 

are mostly HCO3
− ions.

The carbonate species act as buffers to added acid in the water. To 
measure this buffering capacity, also called the total/titrated alkalinity 
(TA), water is titrated with a strong acid to a given endpoint based on the 
carbonate system, typically around pH = 4.3. If, in addition to the car
bonate alkalinity, other species such as organic molecules add to TA, 
these molecules counterbalance released cations from the dissolution 
reaction (Eq. (1) and Eq. (2)), and reduce the captured CO2 in the form of 
DIC.

The importance of the contribution of organic molecules to TA 
(organic alkalinity) was studied for natural freshwaters by (Liu et al., 
2020; Lozovik, 2005) and in estuarine and coastal waters by (Cai et al., 
1998; Hu, 2020; Kerr et al., 2021; Muller and Bleie, 2008; Song et al., 
2020). Also, it was closely studied in the Baltic Sea (Hammer et al., 
2017; Kuliński et al., 2014) and for seawater (Kim and Lee, 2009; Ko 
et al., 2016; Lee et al., 2024; Lukawska-Matuszewska, 2016; Lukaw
ska-Matuszewska et al., 2018; Sharp and Byrne, 2020). A comprehensive 
review on ocean alkalinity emphasizes the distinction between titration 
and charge balance alkalinity (Middelburg et al., 2020).

To generate organic alkalinity, an organic acid needs to react with an 
alkaline substance so that the conjugate base of the organic acid is left in 
the solution. An example of mineral dissolution for wollastonite with an 
organic acid would be: 

CaSiO3(s) + 2 R–COOH + H2O→Ca2+ + 2 R–COO− + H4SiO4(aq) Eq. 4 

Organic acids in natural waters originate from microbial organic 
matter decomposition and direct exudation by living organisms such as 
plants, algae, and microbes. They are weak acids and donate H+ to the 
water, lowering pH. Deprotonation of functional groups on organic acids 
typically happens in the pH range of 3–10, depending on the overall 
chemical composition and structure of the respective organic acid 

(Pittman and Lewan, 1994).
Organic acids affect mineral dissolution rates through several pro

cesses. First, they can lower the pH of the solution and thereby impact 
mineral dissolution (Drever and Stillings, 1997). Second, the deproto
nated organic acid conjugate base anions can form complexes with 
cations in the solution, also known as chelation (Pittman and Lewan, 
1994). This chelation reaction can further enhance mineral dissolution 
rates in addition to the effect of pH alone (Welch et al., 2002; Welch and 
Ullman, 1993). Furthermore, the conjugate base anions can also act on 
the mineral surfaces and form surface complexes (Adeleke et al., 2017; 
Pittman and Lewan, 1994). Organic acids also have indirect effects on 
mineral dissolution through microorganisms, serving as a food source 
for them. In turn, these microorganisms release microbial metabolic 
byproducts that can then contribute to mineral dissolution (de los Ríos 
and Souza-Egipsy, 2021; Wiesenbauer et al., 2025).

A specific environmentally relevant subgroup of organic acids com
prises low-molecular-weight organic acids (LMWOAs). They are wide
spread on the earth's surface, play central roles in the Krebs cycle (Xiao 
and Wu, 2014), and occur widely in soils (Tani et al., 2001). LMWOAs 
are also generated during the early stages of plant litter decomposition, 
making them common constituents of fresh litter leachates (Küsel and 
Drake, 1998; Lv et al., 2023). LMWOAs typically are composed of 1–6 
carbon atoms and 1–3 carboxylic functional groups (Xiao and Wu, 
2014). Due to their high density of ionizable functional groups relative 
to their molecular size, they are more water-soluble than 
high-molecular-weight organic acids (Perminova et al., 2003), which 
makes them particularly relevant for studies of natural water chemistry.

In order to quantify the contribution of dissolved organic carbon 
(DOC) to released TA, reducing the potential to transfer CO2 into car
bonate alkalinity, a flow-through microcosm experiment with an arti
ficial organo-mineral mixture was set up. In addition, the concentrations 
of LMWOAs were measured, and their contribution to TA was discussed. 
To verify the validity in non-artificial systems, we compare our results 
with data from other EW soil column experiments and natural water 
samples from estuaries. This helps to define typical DOC-to-non- 
carbonate alkalinity ratios and the large-scale impact of DOC on TA. 
Understanding the importance of DOC in this context has important 
implications for estimating the realized CDR potential of rock weath
ering and contributes to knowledge of monitoring, reporting, and veri
fication (MRV) efforts for EW-based CDR.

2. Methods

2.1. Experimental setup

The experimental setup was designed to investigate the impact of 
diverse biological, chemical, and physical factors on mineral dissolution 
by utilizing microcosms filled with artificial organo-mineral mixtures 
that included various soil biota under ambient conditions. By putting 
together the various ingredients of natural soils in different combina
tions, the goal was to enhance mineral dissolution rates and TA through 
the interactions of different organic and inorganic components. The 
setup included various silicate-rich rock types and organic matter types 
(Section 2.2) alongside a diverse array of bacteria, fungi, and earth
worms (Section 2.3) to mimic the complex interactions found in natural 
soil environments.

The microcosms were placed in a climate chamber at a constant 
temperature of 25 ◦C. They were watered daily with natural ground
water (Table 1) from the top with automated sprinklers. The added 
water could flow through the microcosm/column and drain at the bot
tom, where it was collected and stored in a fridge below the microcosms. 
Experiments lasted for 56 days, during which the irrigation rates were 
adjusted to be between 50 and 150 mL per day. These rates correspond 
to 1200–3600 mm/year of precipitation, comparable to rainfall in 
tropical regions. After 56 days, leachate samples were taken to analyze 
the dissolved compounds. This experiment was a subset of a bigger 
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experiment comprising 203 columns in the microcosm system. Overall, 
the experiment included 4 rounds of filling the 203 columns. The bigger 
experiment also used extremely alkaline steel slag, which was excluded 
from this analysis as it impacted the TA not with carbonates but hy
droxides. Excluding those steel slag combinations, as well as those where 
required data were missing and thus prevented calculations, led to a 
subset of 383 microcosm combinations that were used for this study, 
allowing for a comprehensive analysis of the role of organic acids in 
mineral dissolution.

This study focuses on the dissolved compounds in the leachate water 
of the microcosms. TA, DIC, pH, and temperature are used to calculate 
non-carbonate alkalinity, which is then compared to the DOC. Anions 
and cations were also measured to calculate the charge balance error 
(CBE) of the leachate water samples and compare it with DOC.

Two different approaches were used to understand the contribution 
of organic acids to mineral dissolution. The first comparison was be
tween the modeled carbonate alkalinity and the measured total alka
linity (Section 2.5.1). The second test determined whether the DOC 
affects the CBE of the water (Section 2.5.2). The analyzed dataset 
comprised a total of n = 383 leachate water samples (Section 2.5.1); 
however, not all measurements were taken for each water sample. This 
resulted in smaller subsets of samples for the performed CBE analysis, 
with n = 135 (Section 2.5.2).

2.2. Materials

The microcosm system is explained in detail in (Calogiuri et al., 
2023). The columns were made from PVC tubes cut into 15 cm pieces 
with a double filter mesh at the bottom (Fig. 1) and are filled with 
organo-mineral substrates. Each column received 400 g of rock powder 
as the primary component of the organo-mineral mix. Additionally, 10 g 
of organic matter as feedstock for the biota was added to each column.

The experimental design aimed to enhance the dissolution of the 
rock powder by adding organic matter, microorganisms, and earth
worms. To this aim, four different rock types were selected: two volcanic 
rocks with different compositions, dunite, and diabase (compositions see 
Table 2).

The two volcanic rocks, mined in the Eifel region, Germany, were 
obtained from RPBL Basalt & Lava aus der Eifel. The supplier refers to 

them as Basaltgestein and Lavagestein, respectively. Basaltgestein is a 
dense, grey variant, while Lavagestein is porous and reddish-brown. 
According to the TAS classification, they are defined as Basalt and 
Basanite/Tephrite (see Supplementary Figs. 11 and 12). In the following 
text, they are referred to as Basalt (Basaltgestein) and Basanite/Tephrite 
(Lavagestein), respectively. The dunite (about 90 % olivine) was mined 
in Åheim, Norway, and supplied by Sibelco. The carbonate-rich, light 
grey diabase rock powder was sourced from Schicker Mineral, Germany. 
Its high CaCO3 content is unusual, as this rock type typically contains 
little to no carbonate. This suggests that it has undergone natural 

Table 1 
Composition of the natural groundwater used for irrigation of the microcosms 
(mean ± s.d., n = 10). The values below the detection limit (bdl) have the 
detection limit in brackets.

Parameter unit Mean ± standard 
dev

pH ​ 7.99 ± 0.10
Water Temperature ◦C 14.87 ± 1.56
Electrical Conductivity (normalized to 

25 ◦C)
μS/cm 194.30 ± 6.60

Measured total alkalinity (TA) μeq/ 
kgw

1551.01 ± 65.32

Total Carbon μmol/L 1460.11 ± 0.08
Dissolved inorganic carbon (DIC) 1409.54 ± 8.03
Dissolved organic carbon (DOC) 44.69 ± 6.57
dissolved silica 220.58 ± 9.08
Ca2þ 714.72 ± 14.6
Kþ 23.59 ± 9.02
Mg2þ 105.42 ± 17.68
P (total P) 0.29 ± 0.25
Naþ 283.22 ± 11.60
F¡ 6.19 ± 3.38
Cl¡ 237.89 ± 23.65
NO2
¡ bdl (0.01)

SO4
2– 98.09 ± 11.32

PO4
3¡ bdl (0.01)

Br¡ bdl (0.005)
Charge balance error (CBE) 

(see Eq. (9))
% − 1.09 ± 0.79

Fig. 1. Sketch of the flow-through microcosm.

Table 2 
Elemental composition of the rock types was measured using X-ray fluorescence 
(XRF) measurements. (nd = below detection limit, LOI = loss of ignition, i.e., 
heating the sample to 1000 ◦C to gas out all carbon).

Elements Dunite Basalt Basanite/ 
Tephrite

Diabase

mass 
percent (%)

mass percent 
(%)

mass percent 
(%)

mass percent 
(%)

SiO2 41.55 ±
0.23

43.87 ± 0.55 43.44 ± 0.27 35.93 ± 0.73

TiO2 0.02 ± 0.01 2.15 ± 0.06 2.58 ± 0.33 2.77 ± 0.09
Al2O3 0.78 ± 0.01 12.13 ± 0.18 13.79 ± 0.25 11.83 ± 0.13
Fe2O3 7.26 ± 0 11.66 ± 0.18 11.19 ± 0.26 13.31 ± 0.13
MnO 0.09 ± 0 0.17 ± 0 0.17 ± 0.01 0.14 ± 0.01
MgO 47.87 ±

0.24
11.4 ± 0.31 8.68 ± 0.12 4.86 ± 0.12

CaO 0.35 ± 0.19 10.41 ± 0.02 12.6 ± 0.1 14.29 ± 0.2
Na2O 0.03 ± 0 2.26 ± 0.01 2.99 ± 0.08 1.81 ± 0.03
K2O 0.03 ± 0.01 1.01 ± 0.06 3.29 ± 0.09 1.61 ± 0.11
P2O5 0.01 ± 0 0.62 ± 0 0.53 ± 0.07 0.41 ± 0.01
SO3 nd ± nd 0.01 ± 1 0.03 ± 0.01 0.29 ± 0.18
LOI 1.8 ± 0.13 4.2 ± 2 0.62 ± 0.08 13.06 ± 1.1
Sum 99.78 ±

0.12
99.91 ± 0.07 99.91 ± 0.44 100.31 ± 0.23
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alteration through interaction with CO2 and water, leading to the for
mation of carbonates. The initial elemental composition of all rock 
powders was measured with X-ray fluorescence (XRF; Panalytical Magix 
Pro; Table 2). For more details on the method, see (Calogiuri et al., 
2024). To serve as a blank material, quartz sand was included, obtained 
from Stonewish Sand, Netherlands.

In addition to the rock materials, the study included organic 
amendments to feed the microorganisms and earthworms inside the 
microcosms. A co-digestate, a novel solid fraction of pig manure with 
low phosphorus content, was selected for its potential as a soil improver. 
This biobased fertilizer, derived from a biogas power plant, was sourced 
from Groene Mineralen Centrale, Netherlands. Finally, wheat straw, 
commonly used as bedding material for pets, was obtained from Pets 
Place, Netherlands. The elemental composition of the wheat straw and 
co-digestate was analyzed with ICP-MS after digestion with nitric and 
hydrochloric acid and heating in a microwave, adapted from the method 
described by Novozamsky et al. (1996). Their total carbon (C) and ni
trogen (N) levels were measured using an elemental analyzer (FlashS
mart, Thermo Fisher Scientific, USA). The elemental composition is 
shown in Table 3.

To enhance the applicability and scalability of the mineral dissolu
tion experiments, locally sourced groundwater was used to water the 
microcosms. The water was pumped from a borewell on the Wageningen 
University campus and underwent only a single filtration step without 
further treatment. The composition of the input irrigation water can be 
found in Table 1.

2.3. Microorganisms and earthworm types

The bacteria and fungi used in this study were selected for their 
known capacity to enhance mineral dissolution (see references below). 
We inoculated the organo-mineral mixture with a selection of fungi, 
including Knufia petricola (Breitenbach et al., 2022; Gerrits et al., 2020; 
Pokharel et al., 2019), Aureobasidium pullulans (Rensink et al., 2024; 
Schoeman and Dickinson, 1996) and Suillus variegatus (Rosenstock et al., 
2019; Szubstarska et al., 2012), as well as bacteria such as Bacillus subtilis 
(Liu et al., 2021; Song et al., 2007) and Cupriavidus metallidurans (Bryce 
et al., 2016; Byloos et al., 2018). The cell densities varied between 1.5 ×
109 and 4.8 × 1010 cells per column for bacteria and between 5.5 × 107 

and 5.5 × 108 cells per column for fungi. This work does not aim to 
isolate the specific contributions of inoculated fungi and bacteria to 
mineral dissolution, but we rather examine the overall bulk production 
of organic acids, which result from multiple factors, including microbial 
activity.

Earthworms were also tested in some microcosms. Two endogeic 
earthworm species, Aporrectodea caliginosa [Savigny] and Allolobophora 
chlorotica [Savigny], were used in the microcosms. These earthworm 
species were selected for this experiment due to their high abundance in 
the Netherlands, where the experiment took place, and their feeding 
habits, which primarily involve soil particles and associated organic 
matter (Bouché, 1977). Their effect on mineral dissolution rates in the 
context of this work is explained in (Calogiuri et al., 2024). In short, 
these effects are physical by increasing available reactive surface area 
(Suzuki et al., 2003) as well as chemical by increasing decomposition 
and releasing CO2 (Lubbers et al., 2013; Schwartzman, 2015), and 
release of organic compounds from microbes living in the earthworm 
gut (Georgiadis et al., 2019).

2.4. Measurements in the leachate water

All leachate water samples were filtered using 0.45 μm polyether 
sulfone dead-end syringe filters before measurements were taken. The 
pH was measured using a WTW Multimeter 3430 IDS equipped with a 
SenTix 940 probe to assess the equilibrium stage of the carbonate sys
tem, which is essential for calculating carbonate alkalinity (Section 
2.5.1). Electrical conductivity (EC) was determined with non-linear Ta
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temperature compensation at a reference temperature of 25 ◦C, 
following DIN EN 27888 (1993), using the same multimeter fitted with a 
TetraCon® 925 probe. Total alkalinity (TA) was analyzed using an 
automated Gran potentiometric titration with 4 pH endpoints at [4.5, 
4.3, 4.0, 3.7], based on Koenig (2005). The titration was performed 
using a Metrohm 888 Titrando, equipped with a 10/20 mL cylinder 
volume and an Aquatrode plus pH electrode.

Elemental concentrations, including Ca, Mg, K, P, Fe, Ni, Cr, Sr, Cu, 
Al, Li, Mn, and Zn, were determined using either ICP-MS or ICP-OES, 
depending on concentration levels. ICP-MS measurements were con
ducted with a Thermo Scientific™ Element2™, while ICP-OES mea
surements were performed using a Thermo Scientific™ iCAP 6500 duo. 
Anions, including fluoride (F− ), chloride (Cl− ), nitrite (NO2

− ), nitrate 
(NO3

− ), and sulfate (SO4
2− ), were analyzed using ion chromatography 

with a Metrohm 881 Compact IC Pro system and a Metrosep A Supp 
17–150/4.0 column. For selected samples organic anions were tested. 
Specifically, low-molecular-weight organic acid anions, including cit
rate, oxalate, acetate, and gluconate, were analyzed using a Metrohm 
883 Basic IC Plus ion chromatography system with a Metrosep A Supp 5 
(250 × 4.0 mm) column.

Furthermore, dissolved silica (DSi) was quantified photometrically at 
a wavelength of 810 nm using the molybdate-blue method, as described 
by Hansen and Koroleff (1999). The analysis was conducted with a Hach 
Lange spectrophotometer DR3800 (Type: LPG 424.99.00001). To solve 
the carbonate system and check the relationship of ANC, the dissolved 
inorganic carbon (DIC) and dissolved organic carbon (DOC) were 
measured using a catalytic combustion-based TOC analyzer (FormacsHT 
TOC analyzer, Skalar, NLD). DIC detection was achieved by acidifying 
the sample with 4 % H3PO4.

2.5. Calculations

2.5.1. Modelling of the non-carbonate alkalinity contribution
To model the non-carbonate alkalinity (ANC), first, the carbonate 

alkalinity (AC) was calculated and then subtracted from the measured 
TA (TAmeasured) similar to previous studies (Hammer et al., 2017; Ko 
et al., 2016; Kuliński et al., 2014; Song et al., 2020; Yang et al., 2015). To 
calculate AC (Eq. (5)), we applied a simplified model using only the 
dissolved inorganic carbon (DIC), pH, and temperature (T) observed in 
the leachate water right after sampling. Based on this set of variables, AC 
was calculated using phreeqpython (Heinsbroek, 2021), assuming a 
closed system (DIC = const) (see Supplementary Fig. 1).

One might correctly assume that this set of variables is insufficient 
and too simple to model AC. Considering that all cations and anions 
impact the ionic strength (I) of the water sample, these should be 
included as well to accurately calculate AC. With the lack of including all 
ions in the AC model, the I will be underestimated (Solomon, 2001). 
When the ionic strength of the aqueous solution is underestimated, the 
stoichiometric first and second dissociation constants of carbonic acid 
are overestimated (Harned and Davis Jr, 1943; Hastings and Sendroy Jr, 
1925; Wolf-Gladrow et al., 2007). This overestimation will lead to a 
lower modeled AC than the AC modeled from the full set of ions. To check 
whether this simplified model is sufficient, both models are compared. 
For 211 water samples, it was checked how the full AC model (cations, 
anions, T, pH, DIC) compares to the simple AC model (T, pH, DIC). They 
do match to a sufficient extent for our analysis (see Supplementary 
Fig. 2). This allowed us to use all 383 samples for the calculation of AC. 
In the following text the squared brackets imply the concentration of the 
compound is meant, i.e. c(CO3

2− ) = [CO3
2− ] [mol/kgw]: 

AC =
[
HCO−

3
]
+2⋅

[
CO2−

3
]

Eq. 5 

The modeled AC was then subtracted from the TAmeasured. The dif
ference between the two terms is ANC. Any conjugate base of a (weak) 
acid that can accept protons until the endpoint of the modified Gran 
titration (see Supplementary Section 1) will contribute to the measured 

total alkalinity. Assuming that other inorganic compounds able to buffer 
will be minor contributors, TAmeasured can be described in the following 
way: 

TAmeasured = AC +Aorg + minor Eq. 6 

ANC =TAmeasured − AC = Aorg + minor ≈ Aorg Eq. 7 

In addition, we also calculate the fraction of non-carbonate alkalinity as 
(ANC/TAmeasured). This is highly relevant in the context of CDR, where 
the non-carbonate fraction should ideally be as small as possible. 
Because TAmeasured is often used as a direct measure for the captured CO2 
in inorganic form, large concentrations of ANC will complicate the 
overall assessment of CO2 capture and shift the focus to the generation 
and decomposition pathways of the involved organic molecules.

2.5.2. Calculating the charge balance of the water
The charge balance error (CBE) is a quality check in aquatic 

geochemistry that assesses the consistency of measured cation and anion 
concentrations in a water sample. It is calculated as the relative differ
ence between the total equivalent concentrations of cations and anions 
and is used to identify potential analytical errors, missing ions, or in
consistencies in water chemistry data. Part of the involved anions are 
conjugate bases of organic acids, which have a wide range of pK values 
(Schwarzenbach et al., 2003) and thereby impact CBE. In aquatic 
geochemistry anions are divided into two fractions: the conservative 
anions and the alkalinity contributors (Stumm and Morgan, 1996). The 
conservative anions are conjugate base anions from strong acids. The 
other anions are the conjugate base anions of weak acids to a given 
reference level, which is defined by the titration endpoints. The presence 
of a conjugate base of an organic acid with a low pK, i.e., lower than or 
inside the titration endpoint pH window of 4.5 to 3.7, leads to 
un-neutralized organic anions that are left in the water after the alka
linity titration. Thus, these conjugate base anions are missing in the 
TAmeasured. When these are not quantified in another way and included 
in the calculation (Eq. (8)), it will lead to an excess of cations over anions 
and thus a positive CBE. For this study, this missing alkalinity is called 
Alow-pH.

In the case of accurate measurements, the CBE values should form a 
distribution with a median value of CBE = 0 % and a variance as small as 
possible. Any systematic positive trends show that a negative charge is 
missing in the determination. 

TAmeasured =
∑

cations −
∑

anions Eq. 8 

In this study with:
Cations: Anions: 

Anions that do not buffer pH in the range of alkalinity 
titration (conservative anions)

Na+, K+, Mg2+, 
Ca2+

Cl− , F− , NO2
− , NO3

− , SO4
2−

Based on Eq. (8) the charge balance error (CBE) for water samples 
can be defined as: 

CBE [%] =

∑
cations − (

∑
anions + TAmeasured)

∑
cations + (

∑
anions + TAmeasured)

⋅100 Eq. 9 

For seawater with high ionic strength and low DOC content, this 
definition (Eq. (9)) usually fits well with the commonly accepted charge 
balance error (CBE) of below 5 % (DIN 38402-62, 2014; Fritz, 1994). 
However, in low ionic strength, high DOC freshwaters, such as the tested 
leachate water, CBEs are usually larger than 5 %. One must therefore 
know the organic anion concentrations and other alkalinity contribu
tions and include them in the definition to lower the calculated CBE.

For the tested leachate water samples the hypothesis is that the 
organic anions can describe the missing part, therefore this simple 
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equation will be expanded by adding the unprotonated part (Alow-pH) 
that does not buffer to the given pH endpoints of the alkalinity titration: 

TAmeasured +Alow− pH =
∑

cations −
∑

anions Eq. 10 

Moving TAmeasured to the right-hand side we get the following 
definition: 

Alow− pH =Δcharge=
∑

cations −
(∑

anions+TAmeasured

)
Eq. 11 

The CBE [%] (Eq. (9)) will be calculated and plotted against the DOC 
concentration for the analyzed water samples. When organic com
pounds are driving the charge balance error, the DOC must correlate 
with a positive charge balance error. Therefore, a linear regression is 
performed with x = CBE and y = DOC.

2.5.3. Determination of LMWOAs
Based on the large values for ANC and CBE of the previous calcula

tions, it was decided to also monitor the concentrations of certain 
LMWOAs. A water sample with large ANC must contain more organic 
alkalinity and thus detectable organic acid conjugate base anions.

To determine which organic acid anions are present in the water 
samples, a subset of the samples (ANC ≥ 3 meq/kgw) was analyzed for 
acetate, oxalate, gluconate, and citrate. These samples with high ANC are 
potentially have higher concentrations of the conjugate bases of 
LMWOAs compared to the samples with low ANC. Table 4 shows the 
dissociation constants of selected acids, including the LMWOAs tested in 
the setup.

In case of abundant LMWOAs, their speciation was modeled with 
phreeqpython (Heinsbroek, 2021) using the ‘minteq.v4.dat’ database 
for the organic acid constants that were derived from (US EPAO, 2013).

3. Results and discussion

3.1. Non-carbonate alkalinity (ANC) determination

First the AC is plotted against the TAmeasured to give a first impression 
of non-carbonate alkalinity (Fig. 2). In the diagram we can divide the 
datapoints by the 1:1 line into two areas. One is the area above the 1:1 
line where the calculations imply that AC is bigger than TAmeasured. This 
is conceptually impossible, given that AC is a part of TAmeasured. One can 
see very few datapoints above this line, which is also a good indication 
of the data quality. An AC larger than TAmeasured usually indicates that 
DIC or pH has been overestimated (Dickson et al., 2007).

More interesting is the area below the 1:1 line where the TAmeasured 
exceeds AC. This results in the calculated ANC to be positive. The un
certainty in ANC was propagated from the standard deviation of 
TAmeasured input water replicates and the error in AC for each sample 
using standard error propagation rules. The resulting mean propagated 
uncertainty across all samples was 0.066 meq/kgw. Out of the 383 
samples 350 had an ANC bigger than the error in the ANC determination. 

The ANC varied from − 0.357 meq/kgw to 8.466 meq/kgw.
In the next diagram (Fig. 3), the calculated ANC is plotted against 

TAmeasured. Most of the data points are spread close to the ANC = 0 line. 
This implies that the produced alkalinity must be close to the carbonate 
alkalinity (TAmeasured ≈ AC). From Fig. 4 it is also possible to observe, 
that ANC also grows with TAmeasured for DOC-rich samples. As the alka
linity in the microcosm environment was increased also the release of 
DOC was increased due to the higher pH. This trend in DOC concen
trations is also visible in the plot. Low DOC samples also show low ANC.

To better understand the relationship between DOC and ANC, we 
display the DOC concentration against ANC (Fig. 4). All points as a bulk 
show the pattern of an increasing DOC with ANC, but some small vari
ations are visible. We observe an accumulation of datapoints with low 
DOC concentrations and low ANC in the bottom-left corner.

From the relationship between DOC and ANC, we can learn some
thing about the nature of the organic molecules that make up the DOC. 
The trendline in Fig. 4 illustrates the relationship between the number of 
organic carbon atoms and alkalinity equivalents. Because of the theo
retical proportional relationship of conjugate base anions and TAmeasured 
a linear relationship was used to describe the pattern and the data seem 
to fit this relationship.

From the ratio of DOC to ANC, one can infer the characteristics of the 
organic molecules that have contributed to the observed alkalinity. The 
relationship shows how much DOC is needed to impact the alkalinity. In 
theory, a huge intercept and huge slope would tell us that there is a lot of 
uncharged DOC present with only a few deprotonation sites per organic 
carbon atom. A small intercept and slope would tell us there is a big 
charge density and more deprotonation sites per carbon atom. Two 
factors might drive this intercept and slope. First, the measurement 
uncertainty in DOC and ANC will lead to variation in the regression pa
rameters. Second, the quality of DOC, as the involved organic molecules 

Table 4 
Acid constants of selected organic and inorganic acids. The pK values are in most cases below the typical endpoint for Gran titration for determining TA. All shown acid 
constants are for T = 25 ◦C and I = 0 taken from NIST 46.4 (NIST46, 2013).

Compound (trivial name) Preferred IUPAC name Formula pKa1 pKa2 pKa3 ratios [carbon 
atoms/charge] 
for the different 
deprotonation 
stages

Acetic acid Acetic acid C2H4O2 4.757 – – 2
Lactic acid 2-Hydroxypropanoic acid C3H6O3 3.860 – – 3
Malic acid 2-Hydroxybutanedioic acid C4H6O5 3.459 5.097 – 4, 2
Oxalic acid Oxalic acid C2H2O4 1.250 4.266 – 2, 1
Citric acid 2-Hydroxypropane-1,2,3-tricarboxylic acid C6H8O6 3.128 4.761 6.396 6, 3, 2
Carbonic acid Carbonic acid H2CO3 6.325 10.329 – 1, 0.5
Gluconic acid D-gluco-Pentahydroxyhexanoic acid (d-Gluconic acid) C6H12O7 3.46 (for I = 0.1) – – 6

Fig. 2. Calculated carbonate alkalinity (AC) vs. measured total alka
linity (TAmeasured).
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have a varying amount of carbon atoms and functional groups that act as 
deprotonation sites (Boyer et al., 2008; Mostofa et al., 2013; Vogt et al., 
2024).

For the analyzed water samples, the ratio of DOC to ANC is roughly 
3.5, indicating that 3.5 mol of organic carbon correspond to 1 equivalent 
of alkalinity. This factor gives an insight into the nature of the dissolved 
organic molecules. LMWOAs would fulfill this criterion. Their molecules 
generally comprise 1–6 carbon atoms and have 1–3 carboxylic groups 
(Xiao and Wu, 2014), which can either donate or accept protons (see 
Table 4). In an alkaline solution (pH > 7) as observed in all microcosms 
leachate waters, the organic acids primarily consist of their 

deprotonated conjugate bases. Like the carbonate species, those conju
gate bases will buffer acid input, contributing to the titrated alkalinity.

3.2. Charge balance error (CBE) analysis

Additionally, in the CBE-DOC diagram (Fig. 5), the impact of organic 
alkalinity is demonstrated. A positive CBE either indicates that the 
measurements of major cations and anions are inaccurate or reveals 
inconsistency with the TA determination. For our dataset, the latter is 
the case for the DOC-rich samples.

Most CBE values for leachate samples with a DOC below 5 mmol/L 

Fig. 3. Non-carbonate alkalinity (ANC) versus measured alkalinity, with dissolved organic carbon (DOC) concentration represented by color. The dashed and dotted 
lines show the cases of pure ANC and pure AC, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)

Fig. 4. Relationship between dissolved organic carbon (DOC) concentration and non-carbonate alkalinity (ANC) for all selected samples (n = 383). Different organic 
matter sources used in the microcosms are distinguished by color. The plot includes an ordinary least squares (OLS) regression, with ANC [meq/kgw] on the x-axis and 
DOC [mmol/L] on the y-axis. Standard errors are indicated by the ± symbol in the regression equation. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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range from − 4 to 4 % (Fig. 5). There is no clear positive trend in CBE for 
such low DOC samples. For leachate water samples with DOC <5 mmol/ 
L, the overall mean CBE is − 1.53 ± 4.32 %. That is why the overall 
distribution yields a comparably weak coefficient of determination of 
0.52 (52.05 %). More leachate water samples with higher DOC con
centrations would strengthen the relationship.

When examining the samples with higher DOC concentrations, the 
systematic relationship between the incomplete CBE and DOC becomes 
more visible. For samples with DOC concentrations of at least 5 mmol/L, 
the overall mean CBE is 1.84 ± 5.65 %. For samples with DOC con
centrations of at least 10 mmol/L, the overall mean CBE is 4.37 ± 5.28 
%. The standard deviation remains large due to the heterogeneous na
ture of the leachate water samples included.

The CBE-DOC plot demonstrates how the CBE (positively) grows 
with the DOC. This positive trend indicates that the unprotonated 
organic anions remaining in the solution represent a portion of the 
actual alkalinity that is not accounted for. Capturing also these missing 
anions can be done by selecting lower endpoints for the alkalinity 
titration. As AC remains constant a lower titration endpoint will poten
tially increase TAmeasured and thereby ANC. Then the aforementioned 
factor of DOC to ANC of 3.5 will slightly decrease. How the titration 
procedure could be improved is described in Section 3.4.

3.3. Analysis of LMWOAs

To see which organic acids anions drive the ANC and CBE, we selected 
water samples with ANC ≥ 3 meq/kgw. Due to the high ANC and high 
DOC, these samples have the greatest potential for detecting LMWOAs. 
From the tested species, only acetate was found; citrate, gluconate, and 
oxalate were not detected in the leachate water (Fig. 6). The lack of 
citrate and oxalate can be explained because they are polydentate li
gands, also known as chelates, while acetate is a monodentate ligand in 
solution (Miessler et al., 2014). Oxalate and citrate anions can form 
stable chelate rings together with metal cations. These can precipitate 
and leave the aqueous phase and form solids. Some examples are cal
cium oxalate monohydrate with a solubility of 0.00061 g/100 g (20 ◦C) 
(David R. Lide, 2005) also known as kidney stones, iron(II) oxalate 
dihydrate with solubility of 0.078 g/100 g (25 ◦C) (David R. Lide, 2005) 

known as humboldtine mineral (Müller et al., 2021) and tricalcium 
dicitrate tetrahydrate with solubility of 0.3081 g/100 mL (25 ◦C) 
(Vavrusova and Skibsted, 2016) also known as the earlandite mineral 
(Herdtweck et al., 2011). Thus, the oxalate and citrate anions might 
have formed complexes with metal cations and precipitated at some 
point in the setup or were removed by the 0.45 μm filters before 
analyzing the leachate water. Gluconate, in contrast, is known to form 
stable complexes with high solubility (Kutus et al., 2020), so it might 
have simply not been generated inside the microcosms.

In contrast, acetate's monodentate binding and monovalent charge 
result in weaker complexes that remain soluble under most conditions 
and are less prone to form precipitates (Van Der Sluys, 2001). However, 
only the acetate concentration is not enough to explain the whole ANC. 
Also, decomposition into other organic anions or complete reminerali
zation into CO2 and AC (Hu, 2020) might have occurred in the time 
between the measurement of main variables and the organic anion 
measurements. Moreover a wide variety of untested low molecular 
weight organic acids, each present in low concentrations, and with 
properties similar to acetate, such as formate and lactate (Lazo et al., 
2017; Neaman, 2005), could collectively account for the observed bulk 
signal in ANC.

For the tested DOC-rich samples, ANC contributes between 30 % and 
50 % of the TAmeasured (Fig. 6). Acetate was abundant in the water 
samples tested. Its theoretical contribution to the acid buffering capacity 
of water is such that 1 mol/L of acetate corresponds to 1 equivalent of 
alkalinity. However, when testing the TAmeasured, one selects certain 
endpoints to calculate the TA from. For this study, an automated gran 
potentiometric titration with the endpoints [4.5, 4.3, 4.0, 3.7] was used 
to measure TA based on (Koenig, 2005). For that pH range, the acetate 
anions (pK = 4.757 see Table 4) will not be far from entirely protonated, 
which will lead to an underestimation of the TA (see grey lines in Fig. 7). 
That is why acetate in Fig. 6 is presented solely as concentration without 
percentage.

3.4. Improved titration for organic alkalinity

To capture the full contribution of acetate and other organic acids, it 
is necessary to select lower pH endpoints. For the DOC-rich samples, the 
actual TA will thus be larger. The actual ANC will also be larger because 
the carbonate alkalinity (AC) will not change as it was modeled from 
DIC.

A part of the organic acid conjugate base anions, for example acetate, 
is not measured due to the selected titration endpoints (Fig. 7). This not 
captured part is then missing in the TAmeasured and leads to an imbalance 
towards the positive CBE, because there is more total positive charge 

Fig. 5. DOC against the charge balance error (CBE). The CBE was calculated 
following Eq. (9) using TAmeasured, ICP cation data and IC inorganic anions.

Fig. 6. Organic anions tested in the leachate water in selected DOC-rich 
leachate samples with ANC ≥ 3 meq/kgw. Oxalate, citrate, and gluconate 
were not detected in the tested leachate water.
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than negative charge put into the calculation (see Eq. (11)). To close this 
gap, one needs to know what organic anions are expected in the leachate 
water sample to select the pH endpoints of the alkalinity titration to it. 
For any weak acids, the titration endpoint should be selected following 
the Henderson-Hasselbach equation (Po and Senozan, 2001): 

pH=pKa1 + log10

(
[A− ]

[HA]

)

. Eq. 12 

In the buffering range of the weak acid, it can be described with the 
degree of titration τ: 

pH=pKa1 + log10

( τ
1 − τ

)
. Eq. 13 

Targeting that 99 % of the weak acid should be in HA form and just 1 
% of unprotonated A− left it will lead to τ = 0.01 and thus log10(0.01/(1 
− 0.01)) ≈ − 2. Putting it into the equation, we get the appropriate pH 
endpoint that should be selected: pH = pKa1 − 2.

However, lowering the endpoint of the titration will also protonate 
more of the inorganic proton acceptors that need to be accounted for. In 
the tested water samples from the microcosms, those other inorganic 
species were considered negligible. In seawater, for example, this cannot 
be neglected for a precise assessment. The contribution of other inor
ganic proton acceptors is explained by Wolf-Gladrow et al. (2007).

In general, for all water sample types, to isolate the organic alka
linity, the best practice is to perform a regular titration to remove all AC, 
then bubble N2 gas the sample to strip away all CO2 while performing 
the back titration with NaOH and incorporating it into the calculation as 
presented in multiple studies (Cai et al., 1998; Hunt et al., 2011; Kerr 
et al., 2021; Ko et al., 2016; Yang et al., 2015).

3.5. DOC source and dilution effect

Having discussed how the generated DOC affects the water chemis
try, we can now examine the source of the DOC. For most microcosms (n 
= 296), wheat straw was used (see Fig. 4). Wheat straw is generally 
composed of 34–40 % cellulose, 20–25 % hemicellulose, and 20 % lignin 
(Rodriguez-Gomez et al., 2012). Those complex carbohydrates are 
broken down into soluble compounds and increase the DOC concen
tration in the leachate water. The microorganisms attached to the wheat 
straw begin to break it down once the straw becomes moist. The 
co-digestate substrate does not leach much DOC as it is already pro
cessed material from a biogas power plant, and the most labile parts of 
the OM have already been lost during the processing (Karki et al., 2021).

However, the presence of wheat straw alone cannot account for the 
huge variation in DOC concentrations, which ranges from nearly 0 to 31 

mmol/L. This pattern was due to multiple reasons, which are elaborated 
below.

The main driver for the diverse DOC concentrations was the different 
irrigation rates that varied from 50 to 150 mL/day. The wheat straw 
mass was always set to 10 g in the microcosms. Thus, the more water is 
flushed through the microcosms, the higher the dilution of produced 
DOC in the leachate water containers. Only wheat straw mixed with rock 
powder microcosms were selected for Fig. 8 to eliminate the variability 
caused by different organic matter sources. The dilution effect for the 
water samples is displayed in Fig. 8, indicated by the dashed line. The 
path follows a constant DOC amount of 30 mmol, which was chosen 
arbitrarily to illustrate the pattern. For more diagrams illustrating the 
impact of irrigation rates on the dilution of DOC, see Supplementary 
Figure 4 and Fig. 5

When examining microcosms containing wheat straw and a constant 
irrigation rate category alone, a significant spread in leached DOC is still 
evident (see Fig. 8). This spread is a result of the diverse composition of 
the microcosms. They contain different rock types in various grain sizes 
and combinations of biota additions, including fungi, bacteria, and 
earthworms. Of the 296 microcosms containing wheat straw, the biota 
composition is shown in Table 5.

All those components supply DOC in varying amounts. For the 
experiment microorganisms were grown in a DOC-rich nutrient me
dium. This nutrient medium was added together with the microorgan
isms and can also contribute to the DOC itself. Furthermore, different 
microorganisms were added to the microcosms. The different species 
could not reveal a strong impact on the TAmeasured and other weathering 
indicators, but they were all grown in different nutrient media optimized 
for the given bacteria or fungi species to grow. Those different nutrient 
media can also impact the DOC concentrations.

Additionally, the different rock types and grain sizes impact the size 
of the pH, thereby affecting the release of DOC (Evans et al., 2005; 
Kalbitz et al., 2000). Generally, the highest TAmeasured and thus also pH 
was usually reached with microcosms containing dunite rock powder.

3.6. Comparison with other water samples from EW experiments and 
natural environments

To assess whether similarly high DOC concentrations occur in other 
EW experiments and how they impact the measured TA, the same cal
culations for AC were applied to additional datasets of various envi
ronments (Table 6).

In Fig. 9, water samples from 4 different soil leaching experiments 
are shown, as well as water samples from the Elbe estuary region for a 
general DOC level comparison. A key factor is the time dependency in 

Fig. 7. Acetate (1 mmol NaAcetate) and carbonate (1 mmol NaHCO3) system speciation at T = 25 ◦C. Modeled with phreeqpython (Heinsbroek, 2021) using the 
‘minteq.v4.dat’ database (US EPAO, 2013) (closed system DIC = 0.001 mol/kg). NaOH is added to the solution to raise the pH, and HCl is added to lower it. The 
vertical lines indicate the endpoints used for the alkalinity titration [4.5; 4.3, 4.0; 3.7] after (Koenig, 2005).
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DOC concentrations. For the datasets [1] and [2] (Fig. 9), initially high 
DOC concentrations are leached from the soil, and after around 400 
days, the DOC levels remain constant at a low level. In the dataset [3], 
one cannot see any temporal trend in DOC concentration. We attribute 
this to the late sampling start, such that the major DOC loss had already 
occurred. In dataset [4], no temporal trend in DOC concentrations was 
observed.

The DOC concentration in leachate water strongly depends on the 
experimental setup used. For datasets [1], [2], and [3], the soil was 
dried, homogenized, and mixed with rock powder at different applica
tion rates. Drying and rewetting the soils can lead to intense DOC 
leaching and can significantly increase soil organic carbon (SOC) 
decomposition rates (Dong et al., 2021), an effect known as the birch 
effect (Birch, 1958). Mechanically homogenizing the soils may have 
further increased SOC decomposition rates by breaking some soil ag
gregates. Another factor controlling DOC release is soil pH, which can 
increase the DOC leaching in two different ways. First, the increase in pH 
can enhance the solubilization of organic matter through the deproto
nation of functional groups (Schnitzer, 1982). Second there is the indi
rect microbial effects on the organic matter solubilization also known as 
the pH priming effect (Andersson et al., 2000; Andersson and Nilsson, 
2001; Grybos et al., 2009; Wang and Kuzyakov, 2024). The increase in 
the soil pH causes a priming effect of microbial activity, which miner
alizes SOC (Grover et al., 2021). This mineralization leads to a release of 

Fig. 8. Relationship between dissolved organic carbon (DOC) concentration and the total mass of leachate for microcosms containing straw. The colors represent 
different irrigation rates used in the microcosms. The dashed line represents a theoretical dilution line for a constant dissolved organic carbon (DOC) concentration of 
30 mmol/L. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5 
Number of different microcosm categories containing rock powder and wheat 
straw.

Category Count

rock powder + organic matter + bacteria + fungi 130
rock powder + organic matter + earthworms 86
rock powder + organic matter + bacteria + fungi + earthworms 58
rock powder + organic matter 22
Total 296

Table 6 
Datasets used for comparison.

Dataset 
number

Short description

[1] Leachate water samples from an organic-rich soil column EW 
experiment, excluding plants (setup in Supplementary Section 6).

[2] Leachate water samples from a brown earth soil column EW 
experiment, excluding plants (setup in Supplementary Section 7).

[3] Leachate water samples from mesocosms filled with brown earth soil 
comparable with [2] from an EW experiment inside a greenhouse, 
including grass plants from the Carbon Drawdown Initiative (
Paessler et al., 2024).

[4] Leachate water samples from a natural salt marsh soil column 
experiment with no rock addition (Tutiyasarn, 2024).

[5] Water samples from the Elbe estuary along the salinity gradient, 
including samples with high organic mineralization rates due to 
prolonged residence time (Amann, 2013).

[6] Water samples from creek outlets besides the Elbe estuary, draining 
organic-rich tidal marsh land soils, partly affected by sediment 
deposition with carbonate content (Weiss, 2013).

Fig. 9. DOC time series for different EW soil column experiments.
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CO2 and DOC. For datasets [1], [2], and [3], the soils were amended 
with rock powder; however, dataset [4] consists of leachate water 
samples from blank marshland soil without any rock powder addition.

After an initial phase of high leaching, the DOC concentrations in soil 
EW experiments are expected to decline until stabilization after some 
time. How long it takes to stabilize the DOC levels is likely a function of 
multiple factors. First, the initial soil pH, which controls how quickly the 
added rock powder will dissolve and then elevate the soil pH (Dupla 
et al., 2025). Second, the initial SOC content and quality, which also 
controls how acidic the soil reacts when increasing pH (Curtin et al., 
1996). Third, the total water volume that flowed through the soil, which 
transports the DOC out of the soil. Fourth, the alkalinity released to the 
soil by the used rock powder or alkaline material, where more alkaline 
materials will cause a bigger soil pH increase and thereby more DOC 
release.

The AC was calculated for mesocosm experiments in the greenhouse 
[3] and for the Elbe estuary [5], covering different zones (Amann et al., 
2015) from the freshwater river part, to the organic matter decompo
sition zones, the oxygen minimum zone, to the outlet, as well as for tidal 
creeks draining organic-rich marshland soil [6]. From each dataset only 
a subset of the water samples was tested for TAmeasured, pH, T, DIC, this 
led to fewer samples compared to Figs. 9 and 10. On those subsets the AC 
was calculated and plotted against TAmeasured (Fig. 11). The AC matches 
well with the TAmeasured. This can be explained by their relatively low 
DOC concentrations compared to the early period of the soil column 
experiments (first 300 days). As a result, the calculated ANC is small 
(Fig. 12). Only for the water samples coming from the organic-rich tidal 
soils, there might be some impact of ANC with large uncertainty reflected 
by the patterns in the AC and TAmeasured space (Fig. 12). However, the 
tested samples from all three datasets in Fig. 12 have no clear rela
tionship with DOC concentration. The ANC is mostly dispersed around 
0 meq/kgw with just a slight positive trend.

Based on this, it can be concluded that most EW soil column exper
iments might exhibit an initial DOC leaching phase characterized by 
high DOC concentrations (Fig. 9). During this phase, the ANC can likely 
not be neglected, and organic alkalinity may play a role in influencing 
the TAmeasured. With lower DOC concentrations, the impact of organic 
alkalinity will also decline. After this initial leaching phase, the AC will 
be close to the TAmeasured.

From Fig. 12 one can infer that other non-organic species likely 
contributed to the ANC. The water samples from the Elbe estuary region 
(datasets [3] and [6]) might have more dominant contributions from 
other inorganic proton acceptors (Wolf-Gladrow et al., 2007). This leads 
to a weak correlation of ANC with the DOC concentration (Fig. 12). Only 
in the microcosm experiment where the organic contributions to ANC 

outweigh other inorganic proton acceptors the DOC will correlate well 
with the ANC (Fig. 4).

Overall, the contribution of ANC decreases from the microcosm 
leachate water scale to the mesocosms and drainage creeks from 
marshland soils to the Elbe estuary area (Fig. 13). While the decompo
sition of fresh organic matter in the microcosms provided high DOC 
concentrations that elevated the ANC contribution, it is decreasing on 
larger scales. In the soil mesocosm data, the impact of DOC on ANC will 
also be different as the available organic carbon pool is qualitatively 
distinct (Ukalska-Jaruga et al., 2021). In contrast to fresh organic inputs 
such as wheat straw, the stabilized soil organic carbon pool consists of 
decomposed and microbially processed material that is more resistant to 
further degradation. However, to analyze this quality of leached DOC in 
depth, samples from the initial 300 days (see Fig. 9) with high DOC 
concentrations would be beneficial.

Overall, in the tested microcosm leachate waters, the median ANC 
contribution was around 5 %, while in the Elbe estuary, it is just around 
1 % (Fig. 13). The water in the basin is more diluted and mineralization 
of DOC already occurred on the way which will convert the organic acid 
anions contribution to ANC into AC. The water in the basin is more 
diluted, and mineralization of dissolved organic carbon (DOC) has 
already occurred along its flow path, progressively converting the Fig. 10. DOC concentrations in Elbe estuary water samples, used as a natural 

baseline for a comparison for the experimental data.

Fig. 11. Carbonate alkalinity (AC) versus measured TA for different datasets. 
The dashed line represents the 1:1 line.

Fig. 12. DOC versus non-carbonate alkalinity (ANC) for different datasets. The 
dashed line shows the DOC ANC relationship from the microcosm leachate 
water samples.

L. Rieder et al.                                                                                                                                                                                                                                   Applied Geochemistry 198 (2026) 106685 

11 



organic acid anions that contribute to ANC into AC (Hu, 2020; Xinping 
Hu, 2020), as it is exposed to a range of biogeochemical processes from 
soils to the estuarine region.

4. Conclusion

In our tested leachate water samples of a rock weathering microcosm 
experiment with artificial organo-mineral mixtures, the relationship 
between dissolved organic carbon (DOC) and non-carbonate alkalinity 
(ANC) was quantified as DOC = 3.461⋅ANC + 1.462. This indicates that 
approximately 3.5 DOC equivalents contribute to one total alkalinity 
(TA) equivalent. The relatively low factor of 3.5 suggests that not much 
long-chained organic acids were present, but rather the conjugate base 
anions of low-molecular-weight organic acids (LMWOAs). This was also 
verified by the abundance of acetate in DOC-rich samples. In addition, 
increasing DOC levels also amplified the charge balance error, as accu
rate TA measurements require titration to a pH below the point where 
organic conjugate base anions are fully protonated. In this experimental 
design, the initial goal was to increase carbonate alkalinity; thus, a 
titration with endpoints [4.5; 4.3; 4.0; 3.7] was used. In this range the 
observed acetate was not fully protonated. This suggests that the 
endpoint for titration should be adjusted to a value lower than in the 
definition of TA commonly used (Wolf-Gladrow et al., 2007), ensuring 
proper measurement for organic-rich water samples.

Organic alkalinity, comprising the conjugate base anions of organic 
acids, has an uncertain long-term fate. It is expected to eventually 
convert into CO2 and carbonate alkalinity by anerobic pathways and 
photodegradation (Song et al., 2020) while maintaining charge balance 
of the water. A critical question for future CDR assessments using EW is 
determining how much additional DOC and its quality is mobilized by 
alkaline material application compared to its stability without EW 
interventions.

The organic alkalinity can be a non-neglectable part of the measured 

alkalinity depending on the environmental conditions and the compo
sition of the organo-mineral substrate. In this experimental setup, 
organic acids were produced by decomposition of wheat straw. From the 
tested LMWOAs, only acetate was detected. The acetate anions could not 
explain all the detected non-carbonate alkalinity, but there are far more 
organic acids that can have an impact than the tested oxalate, citrate, 
and acetate. All dissolved organic matter with charged functional groups 
will impact the measured alkalinity.

This study demonstrates that organic alkalinity can contribute sub
stantially to total alkalinity in short-term experiments involving fresh 
organic inputs, such as cropland soil incubations or artificial systems 
enriched with easily degradable organic matter. However, its influence 
diminishes over time: in long-term cropland experiments, the contri
bution of non-carbonate alkalinity typically falls below 5 %. This sug
gests that organic alkalinity is most relevant under conditions where 
fresh, readily deprotonatable organic compounds are actively produced 
or added. In soils, where most organic matter is older and more resistant 
to degradation, its contribution likely becomes negligible once pH sta
bilizes following rock powder application. Nevertheless, in cropland soil 
settings, it remains essential to consider this initial phase and account 
for the SOC loss when assessing the overall CO2 budget. It is suggested 
that this aspect should be considered in publicly available databases 
aggregating knowledge from experiments like those conducted here, to 
provide a knowledge database for MRV-protocols. With this it could be 
possible to identify conditions where the aspect of organic alkalinity 
should be addressed in MRV-schemes.
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