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Abstract

Enhanced rock weathering (ERW) is an emerging carbon dioxide removal (CDR) strategy
that has attracted increasing attention, with a growing number of publications since 2020.
The approach aims to accelerate the natural weathering of silicate rocks to enhance alkalinity
generation and thereby remove atmospheric carbon dioxide (CO2). ERW is considered a
promising CDR approach because it is scalable, cost-effective, and compatible with existing
agricultural practices, enabling its deployment on croplands without direct competition for
land use. However, a major challenge for the broader implementation of ERW remains the
reliable quantification of CO2 removal.

This thesis aims to improve the understanding of how CO2 removal by ERW can be quantified
across different environmental and experimental settings. In particular, it investigates the
interpretation of total alkalinity (TA) and its individual components, with a focus on the
contribution of non-carbonate alkalinity (𝐴𝑁𝐶) in different aqueous systems. Furthermore,
the thesis examines the influence of microorganisms on mineral weathering and evaluates
whether the electrical conductivity (EC) of bulk soil or aqueous solutions can serve as a proxy
for TA across different environments.

To address these questions, data from several experimental setups were analyzed, including
controlled soil reaction experiments, crushed rock column experiments, and controlled
flow-through rock weathering reactors. The soil experiments investigated whether bulk soil
electrical conductivity (ECb) can be used to predict TA in soil pore water. The crushed rock
column experiments with organic amendments were used to quantify the contribution of
non-carbonate alkalinity (𝐴𝑁𝐶) to TA in relation to dissolved organic carbon (DOC) and to
assess the impact of microorganisms and organic matter additions on TA generation. Finally,
a flow-through reactor experiment was conducted to test whether the EC of leachate water can
be used as a predictor for its TA and the corresponding CO2 uptake. While this reactor system
differs from cropland-based ERW applications, it enables the isolation and investigation
of the EC–TA relationship generated solely by rock feedstock dissolution under controlled
conditions. Analyzing these fundamental relationships in isolated experiments provides a
reference framework that can support the interpretation and quantification of ERW processes
in more complex soil environments.

This thesis demonstrates that bulk soil electrical conductivity (ECb) is not a reliable predictor
of pore water total alkalinity (TA). Even pore water EC alone is insufficient, as numerous
processes in soils introduce additional ions that affect EC without contributing to TA. The
presence of such non-alkalinity-contributing anions would require extensive corrections,
limiting the applicability of EC-based TA estimates in ERW field systems. The crushed-rock
column experiment further showed that organic amendments can contribute to measured TA
through the release of organic alkalinity, i.e., the conjugate bases of low-molecular-weight
organic acids (e.g., acetate, oxalate, citrate) that can contribute to the TA. In DOC-rich
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systems, this fraction may represent a substantial component of the TA signal. In contrast,
the isolated rock dissolution reactor experiment demonstrated a successful use case for rapid
and non-destructive EC measurements as a predictor of TA. The reactor experiment demon-
strated that, under controlled soil-free conditions with a forsterite-rich rock substrate, EC
measurements can provide a robust predictor of TA through a well-defined EC–TA calibration.

For ERW applications in croplands, EC-based prediction of TA may be possible if, af-
ter an initial calibration phase, only ions released from the applied rock feedstock contribute
to the soil pore water EC. Under such conditions, increases in EC would primarily reflect
feedstock dissolution and associated TA generation. However, plant activity and common
agricultural practices such as organic or mineral fertilization or mulching introduce additional
ions that influence EC but alter TA independently of the EC–TA relationship associated with
rock feedstock dissolution. As a result, the EC–TA relationship would require repeated
recalibration, which again needs direct TA measurements. This requirement represents a
major obstacle for the practical application of EC-based TA prediction in ERW cropland
systems.



Zusammenfassung

Die beschleunigte Verwitterung (Enhanced Rock Weathering, ERW) ist ein neues Verfahren
zur Kohlendioxid (CO2) Entnahme (Carbon Dioxide Removal, CDR), das in den letzten sechs
Jahren mit zunehmender Zahl an Veröffentlichungen zunehmend Aufmerksamkeit erlangt
hat. Der Ansatz zielt darauf ab, die natürliche Verwitterung von Silikatgestein zu beschle-
unigen, um die Alkalinitätsbildung zu fördern und dadurch CO2 aus der Atmosphäre zu
entfernen. ERW gilt als vielversprechender CDR-Ansatz, da er skalierbar, kostengünstig und
mit bestehenden landwirtschaftlichen Praktiken kompatibel ist, sodass er auf Ackerflächen
eingesetzt werden kann, ohne dass es zu einer direkten Konkurrenz um die Landnutzung
kommt. Eine große Herausforderung für die breitere Umsetzung von ERW bleibt jedoch die
zuverlässige Quantifizierung der CO2-Entfernung.

Diese Arbeit zielt darauf ab, das Verständnis dafür zu verbessern, wie die CO2-Entfernung
durch ERW unter verschiedenen Umwelt- und Versuchsbedingungen quantifiziert werden
kann. Insbesondere untersucht sie die Interpretation der Gesamtalkalinität (TA) und ihrer
Komponenten, wobei der Schwerpunkt auf dem Beitrag der Nicht-Karbonat-Alkalinität
(𝐴𝑁𝐶) in verschiedenen wässrigen Systemen liegt. Darüber hinaus untersucht die Arbeit
den Einfluss von Mikroorganismen auf die Verwitterung und bewertet, ob die elektrische
Leitfähigkeit (EC) des gesamten Bodens oder des Boden-Porenwassers als Ersatz für die TA
in verschiedenen Umgebungen dienen kann.

Um diese Fragen zu beantworten, wurden Daten aus mehreren Versuchsanordnungen
analysiert. Dazu gehören kontrollierte Bodenreaktionsexperimente, Säulenexperimente mit
zerkleinertem Gestein sowie kontrollierte Reaktoren zur Untersuchung der Gesteinsverwit-
terung. In den Bodenexperimenten wurde untersucht, ob die elektrische Leitfähigkeit des
Bodens (ECb) zur Vorhersage der TA im Bodenporenwasser herangezogen werden kann.
Die Gesteinssäulenexperimente mit organischen Zusätzen dienten dazu, den Beitrag der
𝐴𝑁𝐶 zur TA in Bezug auf gelösten organischen Kohlenstoff (DOC) zu quantifizieren und
den Einfluss von Mikroorganismen und organischer Substanz auf die Alkalinitätsbildung
zu bewerten. Schließlich wurden Reaktor-Experimente durchgeführt, um zu testen, ob die
elektrische Leitfähigkeit von Sickerwasser als Prädiktor für dessen TA und die entsprechende
CO2-Aufnahme verwendet werden kann. Obwohl dieses Reaktorsystem von typischen ERW-
Anwendungen auf Ackerflächen abweicht, ermöglicht es die Isolierung und Untersuchung
der EC–TA Beziehung, ausschließlich für das Gesteinssubstrat. Die Untersuchung dieser
grundlegenden Beziehungen liefert ein wichtiges Verständnis, das die Interpretation und
Quantifizierung von ERW-Prozessen in komplexeren Bodenumgebungen unterstützen kann.

Diese Arbeit zeigt, dass die elektrische Leitfähigkeit des Bodens (ECb) kein zuverlässiger
Prädiktor für die TA des Porenwassers ist. Selbst die elektrische Leitfähigkeit des Poren-
wassers allein ist unzureichend, da zahlreiche relevante Prozesse im Boden zusätzliche
Ionen einbringen, die die elektrische Leitfähigkeit erhöhen, ohne zur TA beizutragen. Das
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Vorhandensein solcher Anionen, die nicht zur Alkalinität beitragen, würde umfangreiche
Korrekturen erfordern und damit die Anwendbarkeit EC-basierter Vorhersagen der TA in
ERW-Feldsystemen einschränken. Das Säulenexperiment zeigte ferner, dass organische
Zusätze durch die Freisetzung organischer Alkalinität, d. h. der konjugierten Basen organ-
ischer Säuren (z. B. Acetat, Oxalat, Citrat), die zur gemessenen TA beitragen können. In
DOC-reichen Systemen kann dieser Anteil einen wesentlichen Bestandteil des gesamten
Alkalinitätssignals ausmachen. Im Gegensatz dazu zeigte das kontrollierte Reaktorexperi-
ment einen erfolgreichen Anwendungsfall für schnelle und zerstörungsfreie EC-Messungen
als Prädiktor für TA. Das kontrollierte Reaktorexperiment zeigte, dass unter kontrollierten
bodenfreien Bedingungen mit einem Forsterit-reichen Gesteinssubstrat EC-Messungen durch
eine genau definierte EC–TA-Kalibrierung einen robusten Prädiktor für TA liefern können.

Für ERW-Anwendungen auf Ackerflächen ist eine auf der EC basierende Vorhersage der TA
möglich, wenn nach einer anfänglichen Kalibrierungsphase nur Ionen, die aus dem ausge-
brachten Gestein freigesetzt werden, zur elektrischen Leitfähigkeit des Bodenporenwassers
beitragen. Unter solchen Bedingungen würde ein Anstieg der EC die Auflösung des Gesteins
sowie die damit verbundene TA-Bildung widerspiegeln. Pflanzenaktivität und gängige land-
wirtschaftliche Praktiken wie organische oder mineralische Düngung oder Mulchen führen
jedoch zu zusätzlichen Ionen, die die EC beeinflussen, die TA jedoch unabhängig von der
Beziehung zwischen EC und TA des Gesteins verändern. Infolgedessen würde die Beziehung
zwischen EC und TA eine wiederholte Neukalibrierung erfordern, was wiederum direkte
TA-Messungen erforderlich machen würde. Diese Anforderung stellt ein großes Hindernis
für die praktische Anwendung der EC-basierten TA-Vorhersage in ERW-Ackerböden dar.
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1
Introduction

1.1. Motivation
The global increase in mean surface temperature is one of the most pressing environmental
issues of the 21st century. To limit this human-caused global warming to a specific temperature,
the worldwide cumulative emissions of carbon dioxide (CO2) and other greenhouse gases,
such as methane (CH4) and nitrous oxide (N2O), must be significantly and urgently reduced
(IPCC, 2023).

However, mitigation through emission reductions alone is insufficient to restrict global
temperature rise to 2 ◦C or below by 2100. Most mitigation pathways consistent with this
target, therefore, combine strong emission reductions with large-scale deployment of carbon
dioxide removal (CDR) technologies (IPCC, 2022b; IPCC, 2022a; Steve Smith et al., 2024). This
requirement is reflected in the IPCC’s modelled Shared Socioeconomic Pathways (SSPs) that
achieve temperature stabilization at 2 ◦C or lower.

The growing relevance of CDR is further underscored by the IPCC’s planned 2027 Method-
ology Report on Carbon Dioxide Removal Technologies, Carbon Capture, Utilization and Storage
(IPCC, 2025). The development of a dedicated methodology report underscores the growing
importance of robust accounting frameworks and scientifically rigorous assessment methods
for CDR technologies. The report will be important for the possible integration of CDR into
national greenhouse gas (GHG) inventories and climate action plans.

Geden, Steve Smith, and Cowie (2024) split CDR methods into conventional and novel
methods. The conventional methods are those already deployed at scale, such as afforestation,
reforestation, agroforestry, soil carbon sequestration, peatland and coastal wetland restoration,
and durable wood products. Novel CDR methods, as defined by Geden, Steve Smith, and
Cowie (2024), generally have lower readiness and are currently deployed at a small scale.
Examples of such methods include bioenergy with carbon capture and storage (BECCS),
direct air carbon capture and storage (DACCS), enhanced rock weathering (ERW), biochar,
mineral products, and ocean alkalinity enhancement (OAE).

The current CO2 removal rates of novel CDR in the year 2023 were analyzed by Pongratz
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et al. (2024). Their analysis shows that biochar currently provides −0.79 MtCO2/yr, and
BECCS −0.51 MtCO2 per year. DACCS contributes −0.004 MtCO2/yr, and ERW approximately
−0.03 MtCO2/yr.

This thesis focuses on ERW, also known as enhanced weathering (EW), as a carbon dioxide
removal (CDR) strategy. The current CO2 removal rates of ERW remain far below the
estimated potential of the method, which has been projected to remove 0.5 to 2 GtCO2/yr by
2050 (Beerling et al., 2025).

ERW 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 regulates the
global carbon cycle on geological timescales. At the same time, the weathering of carbonates
provides a CO2 sink on shorter time scales due to carbonate formation in the ocean and
following CO2 degassing (Berner, 2003; Walker, Hays, and Kasting, 1981). As an illustrative
example of silicate weathering, the dissolution of wollastonite (CaSiO3) by carbonic acid
H2CO3 is shown in Equation 1.1.

CaSiO3(s) + 2 CO2(g) + 3 H2O Ca2+ + 2 HCO –
3 + H4SiO4(aq) (1.1)

There are substantial uncertainties associated with the quantification and large-scale deploy-
ment of ERW, as comprehensively outlined by Schiedung et al. (2026). These uncertainties
span socio-economic considerations, feedstock availability and composition, biogeochemical
impacts on plant–soil systems, and the ultimate fate of weathering products within the global
carbon cycle.

Figure 1.1: Constraints on ERW as a climate-change mitigation measure. Adapted from Schiedung et al. (2026)
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While these broader constraints (Figure 1.1) challenge the overall feasibility of ERW as a
climate change mitigation strategy, this thesis focuses on small-scale experimental systems
and field-scale systems, including agricultural cropland soils and controlled reactor-based
ERW setups. The emphasis of the thesis is placed on the quantification of CO2 removal in
soil-based experiments under more controlled conditions.

Among the identified uncertainties in Figure 1.1, the development of robust Measure-
ment, Reporting, and Verification (MRV) frameworks represents the central challenge for
large-scale implementation of ERW. Within MRV, reliable measurement (M) is particularly
important. Accurate quantification of CO2 removal is essential to build confidence in ERW as
a carbon dioxide removal strategy. This will enable the development of a transparent carbon
market for negative emission certificates from ERW (Power et al., 2025).

Various approaches have been proposed to quantify ERW, which can broadly be cate-
gorized into solid-phase, liquid-phase, and gas-phase measurements (Clarkson et al., 2024).
Solid-phase approaches in soils aim to determine the extent of mineral dissolution by measur-
ing changes in base cation inventories and residual mineral fractions within the soil profile.
This soil-based mass balance approach has been applied in multiple studies (Vienne et al.,
2025; Suhrhoff et al., 2024; Suhrhoff et al., 2025; Reershemius et al., 2023). An advantage of
this method is that soil sampling aligns well with established agronomic monitoring practices
(Clarkson et al., 2024).

However, carbon accounting based solely on base cation release may overestimate actual
CO2 removal if the released cations are not balanced by carbonate alkalinity derived from
carbonic acid weathering (Power et al., 2025). Consequently, cation-based approaches require
careful correction to ensure that only carbon-consistent weathering fluxes are attributed to
durable CDR. In addition, the formation of secondary clay minerals must be considered, as
incorporation of base cations into newly formed solid phases can decouple cation fluxes from
alkalinity generation and thereby affect carbon accounting (Bĳma et al., 2026).

This thesis focuses on liquid-phase measurements as a basis for ERW quantification. Soil
porewater and reactor leachates can be analyzed for major cations and anions, total alkalinity
(TA), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), pH, temperature (𝑇),
electrical conductivity (EC), and isotope composition of 𝛿13C, 𝛿18O, or novel isotope tracers
(Clarkson et al., 2024).

The objective of this work is to evaluate both the limitations and the potential of these
aqueous parameters for reliably quantifying CO2 removal through enhanced rock weathering.
A key parameter to be tested is EC, as it is very inexpensive to measure and its measurement
is non-destructive.

1.2. Research Objectives
This dissertation investigates methods to quantify enhanced rock weathering (ERW) rates and
their implications for TA generation and CO2 removal. Two overarching research questions
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are addressed here. The first examines whether EC can serve as a reliable proxy for TA.
The second explores how the individual constituents of TA should be interpreted in the
context of CO2 removal, with particular emphasis on the role of non-carbonate alkalinity.
Non-carbonate alkalinity is not directly linked to inorganic CO2 removal, which represents
the primary mechanism of CO2 removal considered in most ERW studies. Therefore, its
contribution was analyzed in detail, particularly with respect to its relationship with DOC.
The individual chapters address the following research objectives:

• Chapter 2 investigates how different soils and sands respond to the addition of alkaline
NaHCO3 solutions. Particular focus is placed on how bulk soil electrical conductivity
(ECb) responds to variations in volumetric water content (𝜃) and different concentrations
of NaHCO3/TA addition.

• Chapter 3 analyzes the composition of total alkalinity (TA) in a crushed-rock column
experiment with organic amendments. The study evaluates the contribution of different
alkalinity components and their implications for dissolved CO2 storage. Results are
further compared with water samples from natural analogue systems, with particular
emphasis on the formation of organic alkalinity.

• Chapter 4 examines how microorganisms and earthworms influence rock weathering
rates using column experiments with crushed rock substrate and organic amendments.

• Chapter 5 evaluates the potential of using electrical conductivity (EC) measurements of
leachate water to predict total alkalinity (TA). A calibration relationship is developed for
a rock substrate rich in forsterite (Mg2SiO4). This can be a beneficial proxy for low-cost
assessment of CO2 removal in controlled setups.



2
Soil electrical conductivity as a proxy for

enhanced weathering in soils

Abstract
To effectively monitor and verify carbon dioxide removal through enhanced weathering (EW),
this study investigates the use of soil electrical conductivity (EC) and volumetric water content
(𝜃) as proxies for alkalinity and dissolved inorganic carbon (DIC) in soil water. EC-𝜃 sensors
offer a cost-effective and straightforward alternative to traditional soil and water sampling
methods. In a lab experiment, three different substrates were treated with NaHCO3 solutions
to increase the alkalinity of the soil water and analyze the response. The combination of EC
and 𝜃 to track the increase in carbonate alkalinity due to EW, and therefore CO2 consumption,
is applicable for low cation exchange capacity (CEC) soil-substrates like the used quartz
sand. However, the presence of organic material and pH-dependent CEC complicates the
detection of clear weathering signals in soils. In organic-rich and clay-rich soils, only a
high alkalinity addition has created a clear EC signal that could be distinguished from a
non-alkaline baseline with purified water. Cation exchange experiments revealed that the
used soil buffered alkalinity input and thereby might consume freshly generated alkalinity,
initially mitigating CO2 uptake effects from EW application. Effective CEC changes with pH
and pH buffering capacity by other pathways need to be considered when quantifying the
CO2 sequestration potential by EW in soils. This should be estimated before the application of
EW and should be part of the monitoring reporting and verification (MRV) strategy. Once the
soil-effective CEC is raised, the weathering process might work differently in the long term.

2.1. Introduction
The problem of climate change has been known for decades, and the need for CO2 removal
(CDR) from the atmosphere has been highlighted in recent years (IPCC, 2023). The recent
AR6 IPCC synthesis report states that CDR is a crucial element in all future emission scenarios
that limit global warming to 2 ◦C (Babiker et al., 2022; IPCC, 2023). The use of negative
emission technologies (NETs) will likely play a considerable role in climate change mitigation
by removing ≈10 GtCO2/yr globally by midcentury and 20 GtCO2/yr needed by the end of
the century (NASEM National Academies of Sciences, Engineering, and Medicine, 2019).

5
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Chemical weathering of minerals is a natural process that has regulated the global car-
bon cycle on geological timescales (Walker, Hays, and Kasting, 1981; Berner, 2003). Enhanced
weathering (EW) is understood as the acceleration of this natural chemical weathering process
by the application of powdered rock to either the land surface or the ocean surface, thereby
speeding up the reaction between minerals, water and CO2 (Schuiling and Krĳgsman, 2006;
Hartmann et al., 2013; Beerling et al., 2020).

Enhanced Weathering (EW) is a promising method that might be able to contribute signifi-
cantly to the CDR goals (Schuiling and Krĳgsman, 2006; Hartmann et al., 2013; Beerling et al.,
2020; Goll et al., 2021), with estimated costs ranging from 50 to 200 USD/tCO2 globally (Fuss
et al., 2018) and 45 to 472 USD/tCO2 in the Midwestern U.S (B. Zhang et al., 2023). The global
potential of EW has been described by multiple studies (Renforth, 2012; Hartmann et al.,
2013; Goll et al., 2021). First terrestrial EW field trials at smaller scales quantify the in-situ
weathering rates and amounts of sequestered CO2 (Haque, Santos, and Chiang, 2020; Larkin
et al., 2022).

However, the reliable quantification of carbon dioxide (CO2) sequestration is the most
crucial building block for any CDR method to facilitate a CO2 certificate trading scheme. Like
for most nature-based solutions, the measurement of CO2 removal by enhanced weathering
in soils is relatively complex compared to technical approaches like direct air capture (DAC).

The small number of extensive local field-scale experiments conducted worldwide poses
a significant obstacle to obtain a comprehensive evaluation of the EW effectiveness on a
global scale. This limitation arises from the diversity of soils worldwide, each with its unique
chemical and physical properties, which inhibits the extrapolation of findings from one local
experiment to another. To measure the efficacy of this technology for terrestrial experiments,
reliable and cost-effective measurements are necessary to facilitate more field trials. Similar to
other nature-based NETs, CO2 sequestration quantification, also known as carbon accounting,
is manifold (Brander et al., 2021).

In terrestrial EW experiments, finely crushed silicate rock powder is spread on arable
land, where it is left to react under elevated pCO2 conditions in the soil (Brook, Folkoff, and
Box, 1983; Romero-Mujalli et al., 2019), amplifying the chemical weathering reaction.

The Equation 2.1 shows the chemical weathering reaction of wollastonite (CaSiO3) with
carbonic acid (H2CO3). Wollastonite is a simple silicate mineral used here as an example of
silicate weathering reactions in general.

Silicate weathering CaSiO3 + 2 CO2 + H2O Ca2+ + 2 HCO –
3 + SiO2 (2.1)

Carbonate precipitation Ca2+ + 2 HCO –
3 CaCO3 + CO2 + H2O (2.2)

The second part (bold) of Equation 2.1 shows the weathering products. This idealized
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equation gives us the upper limit for CO2 sequestration by the weathering process. The
released bicarbonate (HCO –

3 ) is contributing to the total alkalinity (TA) of the water. The
direct measurement of the TA usually involves acid titration of the water.

As a cheaper measurement to assess TA in natural waters for known environmental conditions,
EC was suggested to track sequestered CO2 in the water (Amann and Hartmann, 2022). The
amount of dissolved ions drives the EC of an aqueous solution. Those carry charge through
the water and thereby conduct electric current.

As EC works as a predictor of TA for some natural waters (surface water or spring wa-
ter from draining volcanic rock or loess catchment), it is tested to see if this relationship could
be useful for alkalinity change detection in bulk soils with unsaturated water conditions. If
and how soil bulk electrical conductivity (ECb) changes with added silicate minerals and
released weathering products for EW field trials is unknown. The contribution of individual
ions to the EC of the water (ECw) can be calculated (McCleskey et al., 2012). The ECw will
increase with the released TA in a unique pattern depending on the composition of the
dissolved mineral (Amann and Hartmann, 2022). When a specific mineral is added to the soil
and chemically weathered by carbonic acid, it will gradually increase the DIC and TA in the
soil water, thereby increasing the amount of ions in the soil water and the ECW. An increase
in ECw must affect the ECb as well. However, the behavior of a bulk soil is complex because
of chemical interactions between the solid and the liquid phase (Merkel and Planer-Friedrich,
2008). The ECb is driven by multiple pathways for electrical conduction, making a model for
the contribution of dissolved species to the ECb more sophisticated (J. D. Rhoades et al., 1989;
Hendrickx et al., 2002).

Different agricultural soil samples were treated with alkaline NaHCO3 solutions to sim-
ulate the release of weathering products after EW application to test whether ECb could be
used to track the additional weathering signal and, thereby, the conversion of CO2 into TA. It
is investigated how the ECb reacts to the added weathering products in the form of Na+ and
TA, predominantly in the form of HCO –

3 . Soil water samples were collected after the soils
were treated with NaHCO3 solutions to examine how the chemical composition of the soil
water changed.

This study aims to improve the understanding of relevant soil properties for EW exper-
iments and processes that must be considered for quantifying CO2 removal and interpreting
ECb data. For example, the CEC and pH buffering capacity of soils have yet to be considered
for the assessment of CO2 sequestration. The weathering of non-carbonic soil acids must be
accounted for (Dietzen and Rosing, 2023). A better understanding of the cation exchange
processes in different soils, soil acidity and bulk soil ECb could facilitate the use of simpler
low-cost measurements for carbon accounting of EW.
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2.2. Methods

2.2.1. Testing soils

Three different substrates were used in this experiment to test the ECb response on the
alkaline solution for different soil types. The two soil samples originate from arable land in
Bramstedt in Northern Germany and Fürth in Southern Germany. Those sites are being used
for long-term EW field trials, and the soil samples have been taken before applying the silicate
mineral powder on those sites. The soil samples were collected from the upper 30 cm of the
soil, representing a typical deeper plowing depth (Baumhardt, O. R. Jones, and Schwartz, 2008).

The Bramstedt test site is situated within a fen, an area characterized by wetlands. The field
was initially used as grassland and cropland the years before the soil sampling took place.
The soil in this location has some peat and a considerable organic matter content, resulting in
a dark color. The soil is a strong loamy sand with a clay content of 12 to 17 %, as determined
according to DIN 19682-2 (2023).

The Fürth test site was previously used for agriculture. It has a low inorganic carbon
content and much lower organic carbon content than the soil from Bramstedt (Table 2.1). The
soil type is identified as brown earth, which is also known as Cambisol or, for sandy soils,
Brunic Arenosol (Amelung et al., 2018). Both types are characterized by little or no soil profile
differentiation (IUSS Working Group WRB, 2022). The brown earth can be found in Europe,
North- and South America, and southern parts of Siberia (Pehamberger and Gerzabek, 2009),
making the findings comparable to other European agricultural sites.

Table 2.1: Soil properties including carbon content, clay mineralogy, and cation exchange capacity (CEC).

Total inorganic
carbon

Total organic
carbon

Clay content effective CEC (at
ambient pH)

Material [wt. %] [wt. %] [wt. %] [cmol kg−1]

Pool filter
quartz sand

- - - in theory ≈ 0a

(0.4 to 0.8 mm
grain size)
Brown earth
(soil sample
from Fuerth)

0.04 1.4 2:1 layer
silicates: 8.3

5.6

Chlorite: 0.95
Organic-rich
soil (soil sample
from Bramstedt)

0.36 7.22 2:1 Layer
silicates 4.8

8.5

Chlorite: 1.5
a = Not measured value. When the quartz sand does not contain any impurities its CEC is 0 cmol kg−1.

To mimic non-reactive soil with minimal nutrients as well as low organic matter and clay
content, resulting in low effective CEC, plain quartz sand (commercially available pool filter
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sand) was used (Table 2.1).

Soil samples were air-dried and sieved to 2 mm to break down the soil clods, remove
bigger stones, and get a homogeneous mass, destroying any natural soil horizons. Therefore,
the following experiments will treat the upper 30 cm soil sample as one homogeneous
material.

2.2.2. Soil analysis

The soil samples for the mineralogical analysis were dried at 40 ◦C and wet-milled. The bulk
composition of the soil was measured by X-ray diffraction quantitative phase analysis (QPA,
Bruker D8 Advance system).

The total organic carbon (TOC) and total inorganic carbon (TIC) were measured by splitting
the soil sample into two representative parts. One part was treated with HCl to remove all TIC
from the total carbon content (TC). Both samples were fused by open-system pyrolysis at 1 600
to 1 800 ◦C, in which the amount of CO2/TC produced was measured by chromatography
with the Carlo Erba EA1108 elemental analyzer. The TIC was then determined by subtracting
the total organic carbon from the total carbon (TIC = TC − TOC).

The soil samples for the cation exchange capacity (CEC) measurement were dried at 110 ◦C to
lose adsorbed water and ground to < 500 µm. The CEC analysis is based on the exchange
of the sample with Co-hexamine trichloride [Co(NH3)6]Cl3 (Co-Hex) (Orsini and Remy,
1976; Ciesielski et al., 1997) solution and the subsequent spectrophotometric analysis of the
exchanged liquid using a Shimadzu UV-1280.

The Co-Hex solution is added to the dried soil sample. After the exchange reaction, the
suspension is centrifuged and filtered, and absorption is measured at a wavelength of 475 nm
to determine the concentration of the left Co-Hex ions. The calibration set is composed of
different Co-Hex concentrations and blanks. The result gives the effective CEC at ambient
pH.

For the pool filter quartz sand as a non-reactive soil example, the parameters were not
measured. As the Bramstedt soil sample contains more organic carbon than the Fuerth soil,
it is referred to as organic-rich in the following text. It also contains more clay minerals
(Table 2.1), making the soil overall more reactive (Churchman, 2018).

All experiments were conducted in a controlled lab environment at T = 20 ◦C and 𝑝CO2 = 450 ppm,
slightly higher than the average global mean atmospheric 𝑝CO2 of 418 ppm (Lan et al., 2023).
The samples of each site were dug and mixed, then dried and sieved to 2 mm; thus, there will
no longer be high 𝑝CO2 in the soil pore space.

2.2.3. Testing solutions

All the different soils were watered with sodium bicarbonate solutions (NaHCO3) with ≥ 99 %
purity. This compound was chosen for carbonate alkalinity creation because of its high
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solubility [96 g L−1 at 20 ◦C, (Haynes, 2015)]. One mole of HCO –
3 increases the TA of the

solution by one acid equivalent (eq) that can be buffered; thus, 1 mol NaHCO3 L−1 equals
1 eq L−1. The concentrations of the different solutions were chosen based on previous column
EW experiments conducted using the same organic-rich soil (Li et al., unpublished data).
They observed TA up to 10 meq/L in the percolating soil water of soil columns treated with
silicate minerals. NaHCO3 should simulate the released weathering products to avoid the
long weathering reaction times when applying silicate rock powder to soils. In this study, the
kinetics of the weathering process are not analyzed. Instead, the solutions already contain the
weathering products. The solutions were produced volumetrically by weighing in NaHCO3
powder, dissolving, and filling up to the target volume. The solutions used in the experiment
have NaHCO3 concentrations of 0, 2.5, 5, 10, and 50 mmol L−1

2.2.4. Setup ECb experiment

The ECb sensor (Dragino LSE01) used in this study is composed of a conductivity meter to get
the bulk soil electrical conductivity ECb, a resistance temperature detector (RTD) to measure
the soil temperature, and a frequency domain reflectometry (FDR) probe to measure the
volumetric water content (𝜃 ) with the compensation from soil temperature and electrical
conductivity. It is designed to measure 𝜃 of saline-alkali soil and loamy soil (mineral soils) and
is made for outdoor agricultural use (Dragino, 2022). The sensor is not strictly research-grade
because there is just a single internal calibration for 𝜃 that could not be adjusted. Still, it
was used because the same sensors were used on the test sites in the Carbdown project
(Carbdown, 2022) to test them for the assessment of carbon sequestration. The sensor was
calibrated for a mineral soil type and not organic-rich soils. Hence, the exact 𝜃 values might
be biased, and 𝜃 will not be interpreted in-depth in this study. The ECb and 𝜃 value pairs are
not compared for different soils. Nevertheless, sensors should show differences in ECb at
constant volumetric water content 𝜃 for different NaHCO3 treatments for the same soil.

The sensor converts the measured ECb values to the reference temperature at 25 ◦C, suppress-
ing the measured values’ temperature dependence. It uses the same reference temperature as
the ECw measurement of the solutions and soil water, which increases with temperature by
about 1 to 3 % ◦C−1(Robinson and Stokes, 2002).

To determine how the ECb reacts to the released weathering products in the soil water
(Na+ and HCO –

3 , air-dried soil samples were watered with different NaHCO3 concentrations
and purified water as a non-alkaline reference (Figure 2.1). The ECb, 𝜃 and the soil tempera-
ture were measured with the Dragino LSE01 probe. In addition, the ECw and the pH of the
input solution were measured with the WTW Multimeter 3630 IDS. For further details about
the used probes, see Table 2.2.
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ECb, θ, T
(FDR probe)

moist soil

Input:
NaHCO3
solution

EC
θ
T

d=0.15 m

h=0.21 m 

testing
soil
volume:
1.5 L

Figure 2.1: Setup to test soil bulk electrical conductivity ECb for different 𝜃.

For each concentration/experimental run, a container (Figure 2.1) was filled with 1.5 L (around
1 700 g) of sieved air-dry soil to ensure a large enough volume for the sensor’s electrical field
penetration depth and physical size. This sensitive measurement volume of the sensor can be
approximated by a cylinder with a height of 10 cm and a 7 cm diameter around the central
probe (Dragino, 2022).

The containers were then filled with the NaHCO3 solution in 75 g steps until reaching
the soil saturation point, starting from 500 g of added solution for the used soils. After each
irrigation step, the soil was mixed manually with a spatula to homogenize the soil water mix.
Ten measurements in different sensor positions were taken to minimize the effects of soil
heterogeneity and sensor-soil coupling.
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Table 2.2: Measurements in the soil water samples.

Parameter Explanation Device

pH to track pH buffering effects from
the soil

WTW Multimeter 3630 IDS with Sen-
tix 940

ECw Electrical conductivity of the aque-
ous solution (EC25)

WTW Multimeter 3630 IDS with
TetraCon 925

Cations Major cations measured by ion chro-
matography

Metrohm 881 Compact IC Pro sys-
tem with Metrosep A Supp 17–
150/4.0

Anions Major anions measured by ion chro-
matography

Metrohm 881 Compact IC Pro sys-
tem with Metrosep C4–100/4.0

TA Total alkalinity measurement with
automated Gran titration to find
equivalence point

Metrohm Titrando with Aquatrode
plus

2.2.5. Setup soil reaction experiment

The brown earth from the Fuerth test site was chosen to investigate the reactions of the
alkaline NaHCO3 solutions with the soil more closely. It is the soil with a much lower organic
matter content; therefore, one would expect a weaker pH buffering reaction. The water of the
saturated paste was extracted from this soil. The chemical analysis of the soil water extracts
gives a better understanding of the observed ECb signal, as the ECb is mainly a function of the
dissolved ions in the soil water (Hendrickx et al., 2002; D. Corwin and Lesch, 2005). Air-dried
soil samples were saturated with the different NaHCO3 solutions. The method used closely
follows the method presented by D. L. Corwin and Yemoto (2020) for measuring soil salinity.

For each reaction setup, 1 700 g of air-dried soil was mixed with 485 mL of NaHCO3 so-
lution. This ratio was kept constant for all treatments. Therefore, the brown earth was
watered with the produced NaHCO3 solution until it reached the saturation point. Following
Corwin and Yemoto (2020), it is the point where the soil water mix: (i) surface sparkles, (ii)
can flow, (iii) slides freely off a spatula, (iv) is malleable so that when running a spatula
through the mix the channel will hold shape and (v) when shaking the container the channel
collapses. The soil water mix is called the saturated paste at this saturation point.

Even though it is faster and more effective to extract the soil water at higher water content
like 1:1, 1:2, and 1:5 (soil to water ratio) in this experiment, the low saturation level extraction
will be used. It is the standard for EC studies as it provides the lowest but sufficient water
volume to be analyzed for its chemical composition (D. L. Corwin and Yemoto, 2020). It is
closer to the natural moisture processes in actual soil. In our case, it represents the actual
conditions in the soil of the (𝜃, ECb) measurements of the ECb experiment setup.

To measure the range of responses the brown earth was irrigated with the same solu-
tions as in the previous experiment of 0, 2.5, 5, 10, and 50 mmol L−1 of NaHCO3. There are
three duplicates to capture the variability and get more reliable results for each NaHCO3
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treatment. In total, 15 saturated paste samples (5 NaHCO3 solutions times 3 duplicates) except
a third one for the high concentration of 50 mmol L−1 due to the lack of further extraction
equipment. After saturating the samples with the solutions, they were stored for 24 h in the
fridge inside containers covered with snap-tight lids to avoid evaporation from the sample.
In this period, the soil and the solution have time to react, and dissoluble compounds can
dissolve in the soil water. After the time had passed, the saturated paste was placed outside
the fridge until it reached room temperature again. Then, the soil water of the saturated
paste, called saturation extract, was pumped out with vacuum pumps (see Figure 2.2). The
extraction took 1 day, as the soil holds very little free water at the saturation point, and it
takes longer to pump it out. After applying the vacuum for 1 day, the saturation extract was
directly analyzed for the chemical composition; see Table 2.2 for further details.

saturated paste

measure: ECW, IC, TA, pH, T

funnel
with saturated paste
(dry soil + NaHCO3 solution)

saturation
extract

vacuum pump

Figure 2.2: Soil water extraction setup (extraction of saturation extract from saturated paste).

All the soil water samples were filtered with 0.45 µm cellulose acetate (CA) dead-end filtration.
All measurements except the ECw and pH were measured in the filtered samples. The ECw
probe applies an internal linear temperature compensation to 25 ◦C. All shown ECw values
thus are normalized to 25 ◦C.

2.3. Results

2.3.1. Bulk soil electrical conductivity (ECb)

Pure quartz sand (non-reactive soil example)
In the quartz sand experiment, the different NaHCO3 treatments are distinguishable (Fig-
ure 2.3). The purified water treatment shows a very low ECb signal for the whole range of 𝜃.
This low ECb reflects a low concentration of soluble salts in the quartz sand. The data points
have a weak spread and follow the trend lines well.
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Figure 2.3: Electrical conductivity measured in the bulk soil (ECb) against the volumetric water content of the soil
(𝜃) using pure quartz sand as the substrate. The quartz sand was watered stepwise with NaHCO3 solution to

raise the water content until reaching the saturation point at 30 %. The quartz sand mimics a non-reactive, sandy
and low effective-CEC soil.

Brown earth
In the brown earth soil (Figure 2.4), ECb values are not distinguishable for up to 15 %
volumetric water content. Only the high 50 mmol L−1 NaHCO3 concentration is visible and
distinct from the other low-concentration treatments.
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Figure 2.4: Electrical conductivity measured in the bulk soil (ECb) against the volumetric water content of the soil
(𝜃) using brown earth as the substrate. The brown earth was watered stepwise with NaHCO3 solution to raise the

volumetric water content until reaching the saturation point at 30 %.

Organic-rich soil
The organic-rich soil (Figure 2.5) mostly suppressed the whole signal. All different treatments
have the same trend until 20 % volumetric water content. Above 20 % volumetric water
content, the high 50 mmol L−1 NaHCO3 concentration can be distinguished from the others.
Treatments until 10 mmol L−1 all show the same trend, including some noise.
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Figure 2.5: Electrical conductivity measured in the bulk soil (ECb) and the volumetric water content of the soil (𝜃)
using the organic-rich soil as the substrate. The organic-rich soil was watered stepwise with NaHCO3 solution to
raise the volumetric water content until reaching saturation point at 45 %. This soil is rich in soluble salts and has

a high effective CEC.

2.3.2. Brown earth reaction experiment

Electrical conductivity of the soil water (ECb)
The saturation extract experiment results (see Figure 2.6) reflect the observed ECb response
from the first experiment (see Figure 2.4). Despite the significantly different ECw of the initial
NaHCO3 solutions, see orange bars in Figure 2.6, the saturation extracts for the range of 0 to
5 mmol L−1 NaHCO3, see blue bars, show a very similar ECw. In the next higher concentration
of 10 mmol L−1, there is a slight difference in the ECw, but the standard deviation is huge
and overlaps with the other error bars; thus, it is insignificant. Only in the high 50 mmol L−1

treatment a significant difference in the ECw of the soil extract compared to the others is
visible. It is also interesting to note that compared to the input, the EC dropped significantly
for this treatment, whereas for the other treatments, it increased.
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Figure 2.6: The mean value of the solution electrical conductivity (ECw), measured in the saturation extracts from
the brown earth, is presented in this bar chart. This mean value and the black error bars, showing the ±1
standard deviation, were calculated from the three duplicate saturation extract samples for each NaHCO3

solution treatment.

Electrical conductivity is a collective measure of all dissolved ions in the solution. One might
expect that the electrical conductivity of the 0 mmol L−1 soil extract (pure water soil extract)
just adds up to the initial conductivity. However, as observable in the further plots, the
NaHCO3 solution reacts with the soil solids and partly disappears from the soil water. Thus,
the reduction in the Na+ and HCO –

3 concentrations leads to a decrease in the ECw.

Cations
The major cations (see Figure 2.7) reveal an interesting pattern that follows the ECw and TA
signals. In all treatments, a similar amount of calcium ions Ca2+, potassium ions K+, and
magnesium ions Mg2+ is dissolved. The cations dissolved contributed to the ECw. However,
the initially added Na+ concentration was reduced in all cases. As Na+ is the most dominant
cation in the NaHCO3 solutions, it will force a reaction of the soil solids with the Na+ cations
and lead to cation exchange reactions. Especially in the 50 mmol L−1 NaHCO3 treatment, the
Na+ concentration was even halved.
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Figure 2.7: Mean major cations charge equivalent concentrations measured in brown earth saturation extracts.
Each parameter was calculated using three duplicate samples for each NaHCO3 solution treatment.

Anions
While there are interesting trends in the ECw, TA, and cations, the concentrations of measured
anions without the TA do not reveal such a trend (see Figure 2.8). The dissolution of
these anions is unaffected by the different introduced alkaline NaHCO3 solutions. All soil
treatments from 0 to 50 mmol L−1 show a similar behavior by releasing a comparable number
of anions to the soil water.
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Figure 2.8: Anion charge equivalent concentrations (without TA) measured in the saturation extract. Values are
based on three duplicate samples for each NaHCO3 solution treatment. The liquid extract from the brown earth

shows dominance of nitrogen species when excluding TA.

Except for the purified water treatment, the TA in the initial solutions was always reduced
after the reaction with the soil. For the 5, 10 and 50 mmol L−1 treatments, even less than half
of the initial TA was left after the NaHCO3 solution passed through the brown earth.

2.4. Discussion
Using ECb and 𝜃 to predict soil water TA might work for non-reactive or low-reactive
substrates, like the used quartz sand, with low effective CEC. A distinguishable ECb response
for different NaHCO3 treatments was visible in the pool filter quartz sand in this experiment.
However, the brown earth with organic matter and clay minerals buffered the introduced TA
proportional to the TA concentration that was added to the soil. Due to this buffering effect,
no clear ECb signal is detectable for both analyzed soils (subsection 2.4.1).

The following discussion (subsection 2.4.2) describes two potential pathways that could have
neutralized the added TA input and led to the observed result. Either the growth in effective
CEC has buffered the TA or the precipitation of carbonates inside the soil. When the soil
effective CEC grows and the soil releases H+ from acid sources other than carbonic acid, it also
shrinks the CO2 removal potential. Understanding this initial buffering effect is crucial for
parties searching for a cheap and suitable MRV tool to track the sequestered CO2 (transformed
into TA) for EW experiments.
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2.4.1. Bulk soil electrical conductivity response

All three different substrates have in common that the ECb increases with 𝜃 (Figure 2.3
to Figure 2.5). Most ECb(𝜃) plots have a curvilinear shape with the slope changing with
𝜃. Considering the purified water treatments [NaHCO3] = 0 mmol L−1 together with the
[NaHCO3] = 50 mmol L−1. The slope 𝑑𝐸𝐶

𝑑𝜃 is increasing with higher solution concentrations
since this also increases the electrical conductivity of the soil water (ECw). All the characteris-
tics mentioned above can be described with the ECb equation from J. Rhoades, Raats, and
Prather (1976):

EC𝑏 =
(
𝑎 𝜃2 + 𝑏 𝜃

)
EC𝑤 + EC𝑠 . (2.3)

With 𝑎 and 𝑏 as empirical fitting constants for the soil, surface electrical conductivity (ECs),
and the soil water electrical conductivity (ECw).

When considering plausible TA levels of up to 10 meq L−1, based on leachate water from
soil EW experiments by Li (unpublished data) for the same organic-rich soil (see Figure 2.5),
a reliable separation of ECb, in terms of the different NaHCO3 treatments, is not possible.
The initial concentration of the NaHCO3 inputs cannot be derived anymore because the
resulting ECb(𝜃) curves are almost equal for low-concentrated NaHCO3 solution additions.
Additionally, the considered high-water contents 𝜃 are rare in natural soils and are probably
just present after heavy rainfall. Outdoors, the soil moisture is mostly at field capacity (FC)
(McCauley, C. Jones, and Jacobsen, 2005). That implies typically smaller 𝜃, so a regression
analysis’s determination of the different NaHCO3 treatments is even more limited. How-
ever, this experiment also showed distinguishable ECb(𝜃) curves when using pure pool filter
quartz sand as substrate (see Figure 2.3), as the sand conserves the water’s chemical properties.

The brown earth and the organic-rich soil buffered a considerable part of the introduced TA
(see Figure 2.9) as the soil reacted with the NaHCO3 solution. The ECb represents how the
soil reduced the introduced TA, thereby lowering the ECb signal. Apart from the initially
different ECw of the NaHCO3 solutions, the ECb(𝜃) curves look very similar. However, when
the NaHCO3 addition and thus the concentration in the soil water is big enough, it can be
detectable with ECb and 𝜃.
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Figure 2.9: Total alkalinity of the initial produced NaHCO3 sol(orange bars) and the total alkalinity measured in
the brown earth saturation extract (after the NaHCO3 solution passed the soil). The TA values are calculated from

three duplicate samples for each NaHCO3 solution treatment. The error bars indicate ±1 standard deviation.

2.4.2. Soil + NaHCO3 solution reaction experiment

ECw of the soil extracts
An interesting pattern is shown for the high concentration of 50 mmol L−1 NaHCO3 (see
Figure 2.6). EC of the soil water dropped significantly after interacting with the soil. This
drop is reflected in the composition of the soil water, in which the Na+ and TA decreased
significantly (Figure 2.7 and Figure 2.9). For the other NaHCO3 treatments, the ECw increased,
most likely due to the dissolution of any available soluble salts, which wasn’t a big enough
share in the 50 mmol L−1 NaHCO3 treatment to be visible.

Anions in the saturation extract
While there are trends in ECw, TA, and cations, the concentrations of anions without TA do
not depend on the different treatments (Figure 2.8). The concentrations of anions without
TA measured in the extracted soil water were in the range of extracted TA, except for the
50 mmol L−1 NaHCO3 treatment (compare Figure 2.8 and Figure 2.9). The concentrations of
anions without TA were unaffected by the different NaHCO3 solution treatments (Figure 2.8).
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All NaHCO3 soil treatments from 0 to 50 mmol L−1 show a similar pattern, indicating that
the analyzed anions (mainly NO –

3 , NO –
2 , and Cl–) do not react or interact much with the

introduced NaHCO3 solution.

During the rewetting of the soil with the NaHCO3 solutions, there was an accumulation of
CO2 bubbles on the surface of the wet soil, especially for the 50 mmol L−1 NaHCO3 treatment.
It has been qualitatively measured with air CO2 meters; thus, no quantitative assessment
is presented here. This strong CO2 outgassing during the mixing indicates that part of the
introduced HCO –

3 was neutralized by H+ rather than adsorbed and exchanged with another
anion in the soil. The TA measurement also reflects this HCO –

3 drop/neutralization (see
Figure 2.9).

For most soils, the cation exchange capacity (CEC) is bigger than the anion exchange
capacity (AEC) (Havlin, 2005). Thus, the measured anions in the soil water are most likely a
result of the dissolution of the soil’s soluble salts. The different NaHCO3 treatments do not
impact the availability of those soluble salts.

In contrast, the soil water’s pH value and TA affect the release of cations bound by or-
ganic functional groups and clay minerals. The AEC tends to be relevant mainly in soils like
spodosols, ultisols, oxisols (Sposito, 2008) and very acidic, heavy-weathered ferralsols present
in the tropics as well as volcanic soils (e.g., andosols) (Amelung et al., 2018). Whereas in
mildly to moderately weathered soils, as the used brown earth is, the negative surface charge
dominates the soil system. This negative surface charge results from the permanent negative
surface charge of the 2:1 layer silicates and the organic functional group’s pH-dependent
negative surface charge (Amelung et al., 2018). This is why the AEC will be neglected in the
discussion of the used soils. The further discussion focuses on the concentration changes of
cations and TA.

Major cations and TA in the saturation extract
The Na+ and the TA have dropped to a comparable extent (Figure 2.10). In parallel, strong
CO2 outgassing was observed while mixing the dry soil with the NaHCO3 solution. Three
possible processes in the soil that can lead to the mentioned results are described in the
following text.
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Figure 2.10: Total alkalinity (TA) and Na+ equivalent concentration difference (Δ𝑋 = 𝑋initial solution −𝑋soil extract).

Biotic CO2 respiration
The soil solution extraction experiment involves time-dependent chemical reactions. Some
reactions, like cation exchange and neutralization of acid and base in extreme ranges, occur
quickly, while others involving life are slower. However, the observed CO2 outgassing response
origin upon rewetting soil might be both abiotic and biotic. It is known that rewetting of dry
soil can produce a fast CO2 pulse generated by biotic respiration (Barnard, Blazewicz, and
Firestone, 2020), also known as the Birch effect (Birch, 1958). However, the observed decrease
in the introduced TA (mainly carbonate alkalinity) must also have caused CO2 outgassing.
Thus, the cation exchange reaction must have also contributed to the observed CO2 pulse.
The observed CO2 outgassing is unlikely of a pure biotic nature.

Growth of pH-dependent effective CEC releasing H+

The negative surface charge sites, produced by pH-dependent clay minerals and deprotonation
of weakly acidic chemical functional groups on soil solids, bind exchangeable cations (Helling,
Chesters, and Corey, 1964; Curtin, Campbell, and Messer, 1996; Bloom and Skyllberg, 2011).
Soil organic matter contributes much to soil pH-dependent CEC (Baldock and Broos, 2011;
Bloom and Skyllberg, 2011). The carboxyl and phenolic structural groups can donate protons
when the pH in the soil water is raised and act as a buffer (García-Gil et al., 2004; Thomas
and Hargrove, 2015). Furthermore, the increase in the soil’s pH can lead to a substantial loss
in organic carbon (OC) by leaching (Te Pas, Hagens, and Comans, 2023), but OC was not
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measured in this study.

The higher the initial solution TA (NaHCO3 concentration), the more organic acid structures
and clay minerals will deprotonate and neutralize the TA in the soil water (see Figure 2.9).
This is in line with the theory that the effective CEC increases with the pH (De Villiers and
Jackson, 1967; Curtin, Campbell, and Messer, 1996). Consequently, the soil particles release
H+, and one negative charge site is produced where one cation can be adsorbed (Helling,
Chesters, and Corey, 1964; Sims, 2018).

In this study, the loss of TA in soil water is directly proportional to the quantity of introduced
TA. As the soil water pH is elevated, more organic functional groups and pH-dependent
clays actively buffered the rising pH levels. For organics, the ionization of carboxyl groups
is generally complete at pH 8, and the ionization of phenolic groups is complete at pH 11
(Bloom and Skyllberg, 2011). The clay minerals, especially vermiculite and smectite, will also
contribute to pH buffering (Bourg and Sposito, 2011). Curtin, Campbell, and Messer (1996)
provide a regression equation to describe the pH buffering capacity of some Canadian soils
(titratable acidity until pH = 8) just by two variables. It shows the relative impact of organic
carbon and clay content.

𝑌 = 0.02 + 59 · OC · ΔpH + 3 · clay · ΔpH (2.4)

Where Y is the titratable acidity to pH 8 [cmol kg−1], OC is the organic carbon content, and
clay the clay fraction of the material (both in [kg kg−1]), and ΔpH the pH difference from
initial acidic soil to pH = 8 (ΔpH = 8 − pHinitial).

The pH buffer strength of the OC is one order of magnitude higher than that of the
clay. Even though the organic carbon content in the brown earth was just 1.4 % (Table 2.1),
its contribution to buffer strength might be bigger than the one of the cumulative 9.25 %
(Table 2.1) clay content if the contributions from each fraction are comparable to Equation 2.4.

The soil particles must absorb one positive charge for every released H+ ion to maintain
charge neutrality in the soil system. Thus, the decrease in TA directly corresponds to changes
in the concentration of Na+ ions (see Figure 2.10). Since Na+ ions are present in the highest
concentrations within the NaHCO3 solutions, they have the highest tendency to be bound by
the negative charge sites. As the H+ ions were released into the soil water, they neutralized
the carbonate alkalinity (HCO –

3 ), which in turn caused visible CO2 outgassing during the
mixing experiments. This underlying process can be exemplified by a reaction involving an
organic carboxylic acid structure (X–COOH).

𝑋−COOH + Na+ + HCO−
3 → 𝑋−COO− + Na+ + HCO−

3 + H+ → 𝑋−COONa + CO2 + H2O
(2.5)

The strength of the acid is defined by the X–COO− anion. The product X–COONa will either
stay solid in the soil or might form a complex X–COONa0(aq). The 0.45 µm filters might also
capture this complex and suppress the contribution to the TA in the final measurement.

However, for real terrestrial EW applications involving silicate minerals, there might be no
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abiotic CO2 outgassing in this initial phase as the H+ released by soil particles might directly
attack the silicate minerals without the carbonic acid weathering step in between producing
the carbonate alkalinity first.

The high TA of the 50 mmol L−1 NaHCO3 solution resulted in the deprotonation of more acid
structures in the soil. It is yet to be determined which organic functional groups or clays were
involved in the chemical reaction Equation 2.5 and where all reaction products remain after-
wards. The observed decrease in TA, coupled with the drop in Na+ concentration, represents
this CEC pH dependence well. The effective CEC grows with the soil pH (De Villiers and
Jackson, 1967).

Formation of carbonate minerals
The soil humic substance and clay minerals can hold exchangeable Ca2+ cations. These cations
are part of the effective CEC of the soil. When the Ca2+ was exchanged with the abundant Na+

cations, the high TA, and the Ca2+ ion concentration in the soil water might have caused rapid
precipitation of carbonate minerals. It is called a heterovalent exchange reaction because
Na+ and Ca2+ have different valence. Assuming that half of the added Na+ was exchanged
with Ca2+, the soil water likely became supersaturated with respect to calcite for all NaHCO3
treatments. In this study, the carbonate content of the soil sample was not measured after the
treatment with alkaline solutions. It might have increased, and part of the TA loss was due to
the precipitation reaction of carbonate minerals, as the soil exchanged part of the Na+ ions
with Ca2+ and Mg2+ ions. This process also leads to CO2 outgassing and removal of TA in the
soil water. The process is exemplified in the following reaction equation:

2Na+ + 2 HCO−
3 + X2Ca → 2 XNa + Ca2+ + 2 HCO−

3 → 2 XNa + CO2 + H2O + CaCO3
(2.6)

X = clay mineral or organic molecule with a negative surface charge.

2.4.3. Source of errors in the experiments

The Dragino LSE01 sensors are not calibrated precisely enough to accurately measure soil
volumetric water content 𝜃) for all soil types. A specific calibration needs to be done for each
soil type to achieve a more precise 𝜃 reading. It’s important to note that the mineral soil type
calibration used may not be suitable for organic-rich soil samples.

Different soils and materials have varying abilities to absorb water. Coarse sand, for
example, consists mainly of macropores, while other soils contain finely textured micropores.
Additionally, saturation levels and dissolution reactions may change over time, so one needs
to consider the time dynamic component for similar experiments. The soil needs sufficient
time to absorb the added solution.

The biggest driver of fluctuations in the chemical composition of the soil solution sam-
ples is the low water content of the soil. The extracted soil solution sample volume can vary
significantly. Therefore, it is recommended to use a different method for ongoing experiments.
One approach involves increasing the water content significantly (1:1, 1:2, or 1:5 soil: water
ratios) to homogenize everything. A centrifuge can then be used to extract the solution with
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better efficiency. The vacuum pumps in this experiment might have allowed for preferential
pathways and led to different extraction sample volumes. Nevertheless, the low water content
was chosen in this experiment to keep it close to the electrical conductivity observed outdoors
in the field.

2.5. Conclusion
The combination of ECb and volumetric water content 𝜃 as a proxy for soil water TA to track
CO2 sequestration by EW was successfully shown for low CEC quartz sand. However, in
organic-rich and clay-rich soils, abundant CEC places and weakly acidic functional groups
cause the exchange of ions between water and solids after adding ions simulating EW.

Using ECb and 𝜃 as a predictor for any changes in soil water chemical properties requires the
initial amount of soil water ions to be known to compensate for its contribution to the ECb.
Particularly, the dynamic pH buffering effects and pH-dependent cation exchange processes
of the soil need to be quantitatively known to interpret the ECb-𝜃 measurement. An input of
an alkaline solution will shift the soil to a higher pH, thereby potentially increasing the CEC,
precipitating carbonates and altering the soil system (Figure 2.10).

As the here used brown earth buffered half of the added TA input, it was not possible
with the equipment used to observe significant ECb changes for added solutions with TA
concentrations below 10 meq L−1. A significant change in ECb was detectable only for a higher
TA concentration input of 50 meq L−1 at high volumetric water content. The alkaline input
solution raises the pH of the soil water, leading to the deprotonation of soil acid structures
that buffer the pH change and react with HCO –

3 to produce CO2 and H2O. This study has
shown a significant pH buffering effect, even in soil with a low total organic carbon (TOC)
content of 1.4 %. One would expect an even much greater neutralization of alkalinity for soils
with higher organic matter content. As long as H+ is deprotonized from the solid phase into
the liquid phase, added TA will be neutralized. This behavior should be the case specifically
in acidic soils. When the effective CEC increases, and the soil releases H+ from acid sources
other than carbonic acid, the full CO2 removal potential of such soils cannot be archived.
An initial amount of added TA is consumed to raise the soil pH, also known as the lime
requirement (Mclean, 2015). However, once effective CEC is raised and remains at this higher
level, CO2 sequestration by weathering silicate minerals and creating carbonate alkalinity
might be more effective. Long-term application studies are crucial for future MRV and CO2
sequestration potential calculation. Given the possible combination of soils, climate, and
rock powder quality and application rates and frequency, large combinations of tests will be
required if the true potential of EW as a CO2 sink should be adequately evaluated.



3
Contribution of dissolved organic carbon

to total alkalinity in Enhanced
Weathering experiments

Abstract
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 1 200 to
3 600 mm yr−1. 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

27
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Figure 3.1: Contribution of non-carbonate alkalinity for different systems

3.1. 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 (CDR) approaches (IPCC, 2022b; IPCC, 2022a; Steve 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 carbonates provides a
CO2 sink on shorter time scales due to carbonate formation in the ocean and following CO2
degassing (Berner, 2003; Walker, Hays, and Kasting, 1981).

Due to their global abundance and rapid weathering rates, mafic and ultramafic silicate rocks
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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 (HCO –

3 , CO 2–
3 ) reprecipitate as carbonate minerals (in the ocean or in soils) CO2 is

released (see Equation 3.2 and Equation 3.3). As an illustrative example, the weathering
reactions of wollastonite (CaSiO3) and calcite (CaCO3) with carbonic acid are shown below
(see Equation 3.1 and Equation 3.2).

Silicate dissolution CaSiO3(s) + 2 CO2(g) + 3 H2O Ca2+ + 2 HCO –
3 + H4SiO4(aq) (3.1)

Carbonate dissolution CaCO3(s) + CO2(g) + H2O Ca2+ + 2 HCO –
3 (3.2)

Mineral carbonation Ca2+ + 2 HCO –
3 CaCO3(s) + CO2(g) + H2O (3.3)

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

3 , CO 2–
3 ), which at a pH of around 7 to 8 are mostly HCO –

3 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 carbonate
alkalinity, other species such as organic molecules add to TA, these molecules counterbalance
released cations from the dissolution reaction (Equation 3.1 and Equation 3.2), 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 (S. Liu, Butman, and Raymond, 2020; Lozovik, 2005) and
in estuarine and coastal waters by (Cai, Wang, and Hodson, 1998; Hu, 2020; Kerr et al., 2021;
Muller and Bleie, 2008; S. 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 K. Lee, 2009; Ko et al.,
2016; C.-H. Lee et al., 2024; Lukawska-Matuszewska, 2016; Lukawska-Matuszewska et al.,
2018; Sharp and Byrne, 2020). A comprehensive review on ocean alkalinity emphasizes
the distinction between titration and charge balance alkalinity (Middelburg, Soetaert, and
Hagens, 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). (3.4)

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
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mineral dissolution rates through several processes. First, they can lower the pH of the
solution and thereby impact mineral dissolution (Drever, 1997). Second, the deprotonated
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 (S. A. Welch, Taunton, and
Banfield, 2002; Susan A Welch and Ullman, 1993). Furthermore, the conjugate base anions
can also act on the mineral surfaces and form surface complexes (Adeleke, Nwangburuka,
and Oboirien, 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 comprises low-molecular-weight organic
acids (LMWOAs). They are widespread on the earth’s surface, play central roles in the Krebs
cycle (M. 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 (M. Xiao and Wu,
2014). Due to their high density of ionizable functional groups relative to their molecular
size, they are more water-soluble than highmolecular-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 carbonate alkalinity, a flow-through microcosm experiment
with an artificial 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
noncarbonate 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 weathering and contributes to knowledge of monitoring, reporting,
and verification (MRV) efforts for EW-based CDR.

3.2. Methods

3.2.1. 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 combinations, the goal
was to enhance mineral dissolution rates and TA through the interactions of different or-
ganic and inorganic components. The setup included various silicate-rich rock types and
organic matter types (subsection 3.2.2) alongside a diverse array of bacteria, fungi, and earth-
worms (subsection 3.2.2) 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 groundwater (Table 3.1) from the top with automated
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sprinklers. The added water could flow through the microcosm/column and drain at the
bottom, where it was collected and stored in a fridge below the microcosms. Experiments
lasted for 56 d, during which the irrigation rates were adjusted to be between 50 and 150 mL
per day. These rates correspond to 1 200 to 3 600 mm yr−1 of precipitation, comparable to
rainfall in tropical regions. After 56 d, leachate samples were taken to analyze the dissolved
compounds. This experiment was a subset of a bigger 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 hydroxides. 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.

Table 3.1: 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−1 194.30 ± 6.60
Measured total alkalinity (TA) µeq kgw−1 1 551.01 ± 65.32

Total Carbon

µmol L−1

1 460.11 ± 0.08
Dissolved inorganic carbon (DIC) 1 409.54 ± 8.03
Dissolved organic carbon (DOC) 44.69 ± 6.57
dissolved silica 220.58 ± 9.08
Ca2+ 714.72 ± 14.60
K+ 23.59 ± 9.02
Mg2+ 105.42 ± 17.68
P (total P) 0.29 ± 0.25
Na+ 283.22 ± 11.60
F– 6.19 ± 3.38
Cl– 237.89 ± 23.65
NO –

2 bdl (0.01)
SO 2–

4 98.09 ± 11.32
PO 3–

4 bdl (0.01)
Br– bdl (0.005)
Charge balance error (CBE)
(see Equation 3.9) % −1.09 ± 0.79

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 between the modeled carbonate alkalinity and the measured total alkalinity
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(subsection 3.2.5). The second test determined whether the DOC affects the CBE of the water
(Equation 3.2.5). 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).

Leachate water 
collected, stored, 
and tested 

Column filled with: 
rock powder 
+ organic matter 
+ microorganisms
+ earthworms

Double filtration 
(20 µm → 10 µm)

Irrigation rate: 
50 to 150 [mL/day]

7 cm 
17 cm

Figure 3.2: Sketch of the flow-through microcosm.
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3.2.2. 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 (Figure 3.2)
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
earthworms. To this aim, four different rock types were selected: two volcanic rocks with
different compositions, dunite, and diabase (compositions see Table 3.2). 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 Appendix Figure B.11
and Figure B.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
alteration through interaction with CO2 and water, leading to the formation of carbonates.
The initial elemental composition of all rock powders was measured with X-ray fluorescence
(XRF; Panalytical Magix Pro; Table 3.2). 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 nitrogen (N) levels were measured
using an elemental analyzer (FlashSmart, Thermo Fisher Scientific, USA). The elemental
composition is shown in Table 3.3.

To enhance the applicability and scalability of the mineral dissolution experiments, lo-
cally 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 3.1.

3.2.3. 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
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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, Jarzyńska, and Falandysz,
2012), as well as bacteria such as Bacillus subtilis (H. Liu et al., 2021; W. 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, Matsubara, and Hoshino, 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).

3.2.4. 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
system, which is essential for calculating carbonate alkalinity (subsection 3.2.5). Electrical
conductivity (EC) was determined with non-linear 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 conducted with a Thermo Scientific™ Element2™, while ICP-
OES measurements were performed using a Thermo Scientific™ iCAP 6500 duo. Anions,
including fluoride (F–), chloride (Cl–), nitrite (NO –

2 ), nitrate (NO –
3 ), and sulfate (SO 2–

4 ), 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 citrate, oxalate, acetate, and
gluconate, were analyzed using a Metrohm 883 Basic IC Plus ion chromatography system
with a Metrosep A Supp 5 (250 mm × 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).
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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.

Table 3.2: 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 1 000 ◦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 11.66 ± 0.18 11.19 ± 0.26 13.31 ± 0.13
MnO 0.09 0.17 0.17 ± 0.01 0.14 ± 0.01
MgO 47.87 ± 0.24 11.40 ± 0.31 8.68 ± 0.12 4.86 ± 0.12
CaO 0.35 ± 0.19 10.41 ± 0.02 12.60 ± 0.10 14.29 ± 0.20
Na2O 0.03 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 0.62 0.53 ± 0.07 0.41 ± 0.01
SO3 nd ± nd 0.01 ± 1.00 0.03 ± 0.01 0.29 ± 0.18
LOI 1.80 ± 0.13 4.2 ± 2.0 0.62 ± 0.08 13.06 ± 1.10

Sum 99.78 ± 0.12 99.91 ± 0.07 99.91 ± 0.44 100.31 ± 0.23

Table 3.3: Elemental composition of the organic matter used in the microcosms, presented as mean ± s.d. (𝑛 = 4).

Parameter unit Wheat straw Co-digestate

C:N ratio [g:g] 85.98 ± 16.27 50.48 ± 3.15

C

mg g−1

443.64 ± 9.83 442.24 ± 6.90
N 5.16 ± 0.97 8.76 ± 0.53
K 8.00 ± 0.08 2.75 ± 0.06
Na 0.019 ± 0.002 0.914 ± 0.012
Ca 2.92 ± 0.07 12.38 ± 0.91
Mg 0.46 ± 0.01 1.31 ± 0.01
P 0.47 ± 0.01 4.72 ± 0.38
Zn 0.004 ± 0.001 0.140 ± 0.006
Fe 0.112 ± 0.016 1.176 ± 0.092
Mn 0.051 ± 0.001 0.120 ± 0.005
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3.2.5. Calculations

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; S. Song et al., 2020; Yang, Byrne, and Lindemuth, 2015). To calculate
AC (Equation 3.5), 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 Appendix Figure B.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 Appendix Figure B.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(CO 2–

3 ) = [CO 2–
3 ] [mol kgw−1]:

𝐴𝐶 = [HCO –
3 ] + 2 · [CO 2–

3 ]. (3.5)

The modeled AC was then subtracted from the TAmeasured. The difference 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 Appendix section B.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 (3.6)

𝐴𝑁𝐶 = 𝑇𝐴measured − 𝐴𝐶 = 𝐴org + minor ≈ 𝐴org. (3.7)

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.

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 difference between the total equivalent concentrations of cations and anions
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and is used to identify potential analytical errors, missing ions, or inconsistencies in water
chemistry data. Part of the involved anions are conjugate bases of organic acids, which have
a wide range of pK values (Schwarzenbach, Imboden, and Gschwend, 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 alkalinity titration. Thus, these conjugate base anions are missing
in the TAmeasured. When these are not quantified in another way and included in the
calculation (Equation 3.8), 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 (3.8)

In this study:

Cations:
Na+, K+, Mg2+, Ca2+

Anions:
Anions that do not buffer pH in the range of alkalinity titration (conservative anions):
Cl–, F–, NO –

2 , NO –
3 , SO 2–

4

Based on Equation 3.8 the charge balance error (CBE) for water samples can be defined as:

CBE [%] =
∑

cations − (∑ anions + 𝑇𝐴measured)∑
cations + (∑ anions + 𝑇𝐴measured)

· 100. (3.9)

For seawater with high ionic strength and low DOC content, this definition (Equation 3.9)
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 contributions 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 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. (3.10)

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

𝐴low-pH =

∑
cations −

(∑
anions + 𝑇𝐴measured

)
. (3.11)
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The CBE [%] (Equation 3.9) will be calculated and plotted against the DOC concentration for
the analyzed water samples. When organic compounds 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.

Determination of LMWOAs
Based on the large values for ANC and CBE of the previous calculations, 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−1) 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 3.4 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 EPA, 2013).

Table 3.4: Acid constants of selected organic and inorganic acids. All shown acid constants are for 𝑇 = 25 ◦C and
𝐼 = 0 taken from NIST46 (2013).

Compound
(trivial
name)

Preferred IUPAC name Formula p𝐾𝑎1 p𝐾𝑎2 p𝐾𝑎3 Ratio
[Catoms

charge ]

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-Pentahydroxy-
hexanoic acid (D-
Gluconic acid)

C6H12O7 3.46 6

3.3. Results and discussion

3.3.1. Non-carbonate alkalinity (ANC)determination

First the AC is plotted against the TAmeasured to give a first impression of non-carbonate alkalin-
ity (Figure 3.3). In the diagram we can divide the datapoints by the 1:1 line into two areas. One
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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 uncertainty 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−1. Out of the 383 samples 350 had an ANC bigger than the
error in the ANC determination. The ANC varied from −0.357 to 8.466 meq kgw−1.
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Figure 3.3: Calculated carbonate alkalinity (AC) vs. measured total alkalinity (TAmeasured).

In the next diagram (Figure 3.4), 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 Figure 3.4 it is also possible
to observe, that ANC also grows with TAmeasured for DOC-rich samples. As the alkalinity in
the microcosm environment was increased also the release of DOC was increased due to the
higher pH. This trend in DOC concentrations is also visible in the plot. Low DOC samples
also show low ANC.



3.3. Results and discussion 40

0 5 10 15 20

0

2

4

6

8

10

0

2

4

6

8

10

DOC 
[mmol/L]

TA measured [meq/kg w]

A N
C
 [m

eq
/k

g w
]

TA = 100 % A C

 TA
 =

 1
00

 %
 A

 NCn = 383

Figure 3.4: 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.



3.3. Results and discussion 41

0 1 2 3 4 5 6 7 8 9

0

5

10

15

20

25

30
Type of Organic Matter

Wheat straw (n= 296 )
Co-digestate (n = 64)
No organic matter (n = 23)
Overall Trendline

A NC [meq/kg w]

D
O

C
 [m

m
ol

/L
]

DOC = 3.461 · A NC + 1.456
R 2 = 0.839

slope = 3.461 ± 0.078
intercept = 1.456 ± 0.107

n total = 383

Figure 3.5: 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−1 on
the x-axis and DOC mmol L−1 on the y-axis. Standard errors are indicated by the ± symbol in the regression

equation.

To better understand the relationship between DOC and ANC, we display the DOC concentra-
tion against ANC (Figure 3.5). All points as a bulk show the pattern of an increasing DOC
with ANC, but some small variations 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 something about the nature
of the organic molecules that make up the DOC. The trendline in Figure 3.5 illustrates the
relationship between the number of organic carbon atoms and alkalinity equivalents. Because
of the theoretical 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
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parameters. Second, the quality of DOC, as the involved organic molecules have a varying
amount of carbon atoms and functional groups that act as deprotonation sites (Boyer, Singer,
and Aiken, 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 (M. Xiao and
Wu, 2014), which can either donate or accept protons (see Table 3.4). 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 conjugate bases will
buffer acid input, contributing to the titrated alkalinity.

3.3.2. Charge balance error (CBE) analysis

Additionally, in the CBE-DOC diagram (Figure 3.6), 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.
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Figure 3.6: DOC against the charge balance error (CBE). The CBE was calculated following Equation 3.9 using
TAmeasured, ICP cation data and IC inorganic anions.

Most CBE values for leachate samples with a DOC below 5 mmol L−1 range from −4 to
4 % (Figure 3.6). There is no clear positive trend in CBE for such low DOC samples. For
leachate water samples with DOC < 5 mmol L−1, 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 concentrations would
strengthen the relationship.

When examining the samples with higher DOC concentrations, the systematic relation-
ship between the incomplete CBE and DOC becomes more visible. For samples with DOC
concentrations of at least 5 mmol L−1, the overall mean CBE is 1.84 ± 5.65 %. For samples
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with DOC concentrations of at least 10 mmol L−1, the overall mean CBE is 4.37 ± 5.28 %. The
standard deviation remains large due to the heterogeneous nature 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 potentially 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 subsection 3.3.4.

3.3.3. Analysis of LMWOAs

To see which organic acids anions drive the ANC and CBE, we selected water samples with
ANC ≥ 3 meq kgw−1. 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 (Figure 3.7). The lack of
citrate and oxalate can be explained because they are polydentate ligands, also known as
chelates, while acetate is a monodentate ligand in solution (Miessler, Fischer, and Tarr, 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 calcium
oxalate monohydrate with a solubility of 0.006 1 g kg−1 (20 ◦C) (David R. Lide, 2005) also
known as kidney stones, iron(II) oxalate dihydrate with solubility of 0.78 g kg−1 (25 ◦C) (David
R. Lide, 2005) known as humboldtine mineral (Müller, Bourcet, and Hanfland, 2021) and
tricalcium dicitrate tetrahydrate with solubility of 3.081 g L−1 (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 remineralization 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, Dyer, and Alorro, 2017; Neaman, 2005), could collectively account for the
observed bulk signal in ANC.
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Figure 3.7: Organic anions tested in the leachate water in selected DOC-rich leachate samples with
ANC ≥ 3 meq kgw−1. Oxalate, citrate, and gluconate were not detected in the tested leachate water.

For the tested DOC-rich samples,ANC contributes between 30 % and 50 % of the TAmeasured
(Figure 3.7). Acetate was abundant in the water samples tested. Its theoretical contribution to
the acid buffering capacity of water is such that 1 mol L−1 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 3.4) will not be entirely protonated, which will lead to
an underestimation of the TA (see grey lines in Figure 3.8). That is why acetate in Figure 3.7
is presented solely as concentration without percentage.

3.3.4. 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.
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Figure 3.8: Acetate (1 mmol NaAcetate) and carbonate (1 mmol NaHCO3) system speciation at T = 25 ◦C.
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A part of the organic acid conjugate base anions, for example acetate, is not measured due to
the selected titration endpoints (Figure 3.8). 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 than negative charge put into the calculation (see Equation 3.11). 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]

)
. (3.12)

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

pH = p𝐾a1 + log10

( 𝜏
1 − 𝜏

)
. (3.13)

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 micro-
cosms, those other inorganic species were considered negligible. In seawater, for example,
this cannot be neglected for a precise assessment. The contribution of other inorganic proton
acceptors is explained by Wolf-Gladrow et al. (2007).

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

3.3.5. DOC source and dilution effect

Having discussed how the generated DOC affects the water chemistry, we can now examine
the source of the DOC. For most microcosms (𝑛 = 296), wheat straw was used (see Figure 3.5).
Wheat straw is generally composed of 34 to 40 % cellulose, 20 to 25 % hemicellulose, and
20 % lignin (Rodriguez-Gomez et al., 2012). Those complex carbohydrates are broken down
into soluble compounds and increase the DOC concentration 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 processed 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).
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Figure 3.9: 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−1.

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−1 (Figure 3.9). This pattern was due
to multiple reasons, which are elaborated below.
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The main driver for the diverse DOC concentrations was the different irrigation rates
that varied from 50 to 150 mL d−1. 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 Figure 3.9 to eliminate the variability caused by different organic
matter sources. The dilution effect for the water samples is displayed in Figure 3.9, 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 Appendix Figure B.4 and Figure B.5.

When examining microcosms containing wheat straw and a constant irrigation rate cat-
egory alone, a significant spread in leached DOC is still evident (see Figure 3.9). 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 the Table 3.5.

Table 3.5: 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

All those components supply DOC in varying amounts. For the experiment microorganisms
were grown in a DOC-rich nutrient medium. This nutrient medium was added together
with the microorganisms 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 affect-
ing the release of DOC (Evans, Monteith, and Cooper, 2005; Kalbitz et al., 2000). Generally,
the highest TAmeasured and thus also pH was usually reached with microcosms containing
dunite rock powder.

3.3.6. 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 calculations for AC were applied to additional
datasets of various environments (Table 3.6).
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Table 3.6: Datasets used for comparison.

Dataset
number

Short description

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

[2] Leachate water samples from a brown earth soil column EW experiment,
excluding plants (setup in Appendix section B.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).
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Figure 3.10: DOC time series for different EW soil column experiments.
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In Figure 3.10, 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 DOC concentrations. For the datasets [1] and [2] (Figure 3.10),
initially high DOC concentrations are leached from the soil, and after around 400 d, 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.

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, Campbell, and Messer, 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.
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Figure 3.11: DOC concentrations in Elbe estuary water samples, used as a natural baseline for a comparison for
the experimental data.

The AC was calculated for mesocosm experiments in the greenhouse [3] and for the Elbe
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estuary [5], covering different zones (Amann, Weiss, and Hartmann, 2015) from the freshwater
river part, to the organic matter decomposition 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 Figure 3.10 and Figure 3.11. On those subsets the AC was calculated
and plotted against TAmeasured (Figure 3.12). 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 d). As a result, the calculated ANC is small (Figure 3.13).
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
(Figure 3.13). However, the tested samples from all three datasets in Figure 3.13 have no clear
relationship with DOC concentration. The ANC is mostly dispersed around 0 meq kgw−1 with
just a slight positive trend.

Based on this, it can be concluded that most EW soil column experiments might exhibit an
initial DOC leaching phase characterized by high DOC concentrations (Figure 3.10). 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.
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From Figure 3.13 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 (Figure 3.13). Only in
the microcosm experiment where the organic contributions to ANC outweigh other inorganic
proton acceptors the DOC will correlate well with the ANC (Figure 3.5).

−1 −0.5 0 0.5 1

0

1

2

3

4

5

6 Source of samples
Tidal Elbe creeks [6] (n = 90)
Brown earth soil greenhouse setup [3] (n = 115)
Elbe estuary data [5] (n = 219)
Trend microcosm experiment

A NC [meq/kg w]

D
O

C
 [m

m
ol

/L
]

Figure 3.13: DOC versus non-carbonate alkalinity (ANC) for different datasets. The dashed line shows the DOC
ANC relationship from the microcosm leachate water samples.

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 (Figure 3.14).
While the decomposition 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 d (see Figure 3.10)
with high DOC concentrations would be beneficial.

Overall, in the tested microcosm leachate waters, the median ANC contribution was around
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5 %, while in the Elbe estuary, it is just around 1 % (Figure 3.14). 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 organic acid anions that contribute to ANC into AC (Hu, 2020;
Xinping Hu, 2020), as it is exposed to a range of bio-geochemical processes from soils to the
estuarine region.
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Figure 3.14: Relative non-carbonate alkalinity contribution (ANC/TAmeasured). From left to the microcosm scale
down to the Elbe River basin.

3.4. 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 accurate TA measurements require
titration to a pH below the point where organic conjugate base anions are fully protonated. In
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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 uncer-
tain long-term fate. It is expected to eventually convert into CO2 and carbonate alkalinity
by anerobic pathways and photodegradation (S. 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 composition 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 substantially to total al-
kalinity 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 contribution of
non-carbonate alkalinity typically falls below 5 %. This suggests 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 stabilizes 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.



4
Testing the bio-additionality hypothesis
for enhancing the alkalinity production

via Enhanced Weathering

Abstract
Natural silicate weathering is considered one of the most important natural CO2 sinks on
geological time scales. Accelerating this natural process to capture more CO2 also on human
timescales is known as enhanced weathering. This can be done, for example, by spreading
crushed rock on agricultural soils, where it can sequester CO2 and have beneficial effects
as a mineral nutrient fertilizer. Previous studies have shown that specific bacteria, fungi,
and earthworms enhance mineral dissolution. The interaction of all these biotic components
and whether this can be optimized through specific species mixtures is not yet well understood.

In this study, we investigate how the addition of biota, including bacteria (Bacillus sub-
tilis), the endogeic earthworm Aporrectodea caliginosa [Savigny], and the fungus Aureobasidium
pullulans, to a wheat-straw and crushed-tephrite substrate affects rock dissolution. The action
of biota on a low-inorganic-carbon tephrite-straw mixture was studied in a flow-through
column setup lasting 56 d. Groundwater was used to irrigate these columns daily. Leachate
water was collected and analyzed for total alkalinity (TA), dissolved inorganic and organic
carbon, pH, electrical conductivity (EC), major anions, and major cations to assess the impact
of biota on these parameters.

The addition of biota to the straw–tephrite rock mixture did not increase the equivalent
amount of TA, cations, or anions over the 56-day experimental period. The addition of straw
itself might have increased the dissolution of the tephrite. It is likely that the CO2 generated
during straw decomposition increased the local CO2 partial pressure, thereby lowering the
pH and promoting the dissolution of minerals. The added microbes were unable to colonize
the substrate, and earthworm survival was low (36 ± 24 %), with small activity (38 ± 42 %)
observed. Although inoculated biota did not enhance weathering in this case, the addition of
wheat straw helped increase the leached amounts of K and Na.
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Figure 4.1: Conceptual overview of the rock weathering experiments and associated alkalinity generation

4.1. Introduction
An increase in global surface temperature is one of the most pressing environmental issues
of the 21st century. To limit human-caused global warming to a specific temperature, the
worldwide cumulative carbon dioxide (CO2) emissions and other greenhouse gas emissions,
such as methane (CH4) and nitrous oxide (N2O), must be significantly and urgently reduced.
However, to limit global surface temperature rise to 2 ◦C or lower by 2100, mitigation efforts
must combine emission reductions with carbon dioxide removal (CDR). This requirement
is reflected in the IPCC’s modelled Shared Socioeconomic Pathways (SSPs) that are con-
sistent with climate targets of 2 ◦C or lower (IPCC, 2022b; IPCC, 2022a; Steve Smith et al., 2024).

Enhanced weathering (EW) is a promising CDR technology that aims to accelerate rock
dissolution 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). The key mechanism
for CO2 capture is the chemical weathering or dissolution of minerals, particularly silicates
(Lasaga et al., 1994). Silicate weathering is a natural process that has regulated the Earth's
carbon cycle over geological timescales. In contrast, the weathering of carbonate minerals
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provides a CO2 sink on shorter timescales, primarily through the later carbonate formation in
the ocean and subsequent CO2 degassing (Berner, 2003; Lasaga et al., 1994; Walker, Hays, and
Kasting, 1981).

Due to their global abundance and high weathering rates, mafic and ultramafic silicate-
rich 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. Dissolution rates vary between minerals by several orders of
magnitude for constant environmental conditions. For example, at pH = 5 and 𝑇 = 25 ◦C,
the rates range from 10−8 mol m−2 s−1 (wollastonite) down to 10−13 mol m−2 s−1 (kaolinite)
(Lasaga et al., 1994). Compared to terrestrial weathering of carbonate minerals like calcite,
which dissolve at faster rates of ≈ 10−6 mol m−2 s−1 under the same environmental conditions
(Fan et al., 2022; Morse and Arvidson, 2002), silicate weathering and transfer of bound CO2 in
the form of alkalinity into the ocean are assumed to represent a more stable CO2 removal
mechanism. This is due to the fact that reprecipitation of dissolved carbonate species (HCO –

3 ,
CO 2–

3 ) into carbonate minerals (in the ocean or in soils) leads to CO2 release (see Equation 4.2
to Equation 4.3) at natural pH levels. Below the reaction equations for wollastonite (CaSiO3)
and calcite (CaCO3) are shown. In the examples the acid responsible for dissolution is H2CO3,
thus the dissolution process will bind CO2. Other acids are not directly connected to the
inorganic carbon pool (Rieder et al., 2026).

Silicate dissolution CaSiO3(s) + 2 CO2(g) + 3 H2O Ca2+ + 2 HCO –
3 + H4SiO4(aq) (4.1)

Carbonate dissolution CaCO3(s) + CO2(g) + H2O Ca2+ + 2 HCO –
3 (4.2)

Mineral carbonation Ca2+ + 2 HCO –
3 CaCO3(s) + CO2(g) + H2O (4.3)

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

3 , CO 2–
3 ), which at a pH of around 7–8 are mostly HCO –

3 ions.

So far, strategies to enhance mineral weathering have largely focused on abiotic factors,
such as mineralogical composition of rocks, grain size of applied rock substrates, soil pH,
and precipitation amount (Beerling et al., 2025; Deng et al., 2023; Hartmann et al., 2013;
Renforth, Pogge Von Strandmann, and Henderson, 2015; Romero-Mujalli et al., 2019; Te Pas,
Hagens, and Comans, 2023). Although studies indicate that biota can enhance weathering,
the potential role of biotic factors is often overlooked (Vicca et al., 2022). In this study we are
going to test the impact of selected earthworms, fungi and bacteria on rock weathering.

Earthworms can promote mineral dissolution through several interconnected processes,
including organic matter decomposition, increased CO2 production, and the mechanical
grinding of mineral particles in their gizzard (Du, 2018; Lubbers et al., 2013; Suzuki, Matsub-
ara, and Hoshino, 2003). Among the main ecological groups (epigeic, anecic, and endogeic;
(Bouché, 1977; Bouché, 1971)), endogeic species are particularly relevant because they ingest
more mineral soil and less organic litter, thus directly interacting with the mineral substrate
(Edwards and Arancon, 2022). For this reason, the endogeic earthworm Apporectodea caliginosa
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[Savigny] was selected for the experiment, as it is a common temperate soil species in the
Netherlands that feeds primarily within the mineral horizon (Calogiuri, Janssens, et al., 2025).

Bacteria and fungi can further contribute to biogenic weathering by acidifying their surround-
ings and releasing organic compounds that complex metal ions, thereby promoting mineral
dissolution (Hoffland et al., 2004; Rensink et al., 2024; Uroz et al., 2009). In addition to these
chemical effects, fungi can also physically degrade rocks by penetrating mineral surfaces with
their hyphae, widening pores, and enhancing access to reactive mineral phases (Lybrand
et al., 2022).

For the present experiment, the fungus Aureobasidium pullulans was selected due to its
ecological ubiquity, metabolic versatility, and ability to colonize diverse substrates (Rensink
et al., 2024; Schoeman and Dickinson, 1996). The bacterium Bacillus subtilis was chosen
because of its well-documented effects on enhancing mineral dissolution and its frequent use
as a model organism in biogenic weathering studies (J.-U. Lee and Fein, 2000; H. Liu et al.,
2021; Niron et al., 2024; W. Song et al., 2007).

For bacterial inoculation, Bacillus subtilis was selected due to its well-documented influ-
ence on rock weathering. Several studies have demonstrated its ability to enhance mineral
dissolution. For instance, the addition of Bacillus subtilis to gibbsite (Al(OH)3) increased
aluminum release by a factor of 30 (J.-U. Lee and Fein, 2000). In another study, application
of basalt powder to soil together with Bacillus subtilis showed higher CDR potential than
basalt-only application (Niron et al., 2024). Similarly, its application to serpentine increased
magnesium release (H. Liu et al., 2021). Beyond chemical effects, Bacillus subtilis has also
been shown to promote physical weathering processes, such as pit formation and widening
of micropores on granite surfaces (W. Song et al., 2007).

Despite separate extensive research, the dominant mechanisms by which biota acceler-
ate mineral weathering remain unclear. Here, we investigate whether the addition of soil
microorganisms and endogeic earthworms to an organo-mineral substrate can enhance the
weathering. Thus, increase cation amounts and alkalinity equivalents. To answer those
questions, we conducted a flow-through microcosm experiment comparing biologically
amended treatments of an organo-mineral substrate control. This organo-mineral substrate is
composed of tephrite rock and wheat straw.

4.2. Materials and methods

4.2.1. Experimental setup

The experimental setup was designed to investigate the impact of selected microorganisms
and endogenic earthworms on rock dissolution. The goal was to enhance rock dissolution
rates through the interaction of different biotic and abiotic factors. The setup included Tephrite
rock filled in small cylinders that were irrigated with groundwater, to which microorganisms
(Aureobasidium pullulans and Bacillus subtilis), endogenic earthworms (Apporrectodea caliginosa
[Savigny]), and wheat straw were added. Details on the materials and biota can be found in
section subsection 4.2.2 and subsection 4.2.3, respectively.
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The microcosm system used in this study is described in detail by Calogiuri et al. (2023). Each
microcosm consisted of a 15 cm-long polyvinyl chloride (PVC) tube fitted with a double filter
mesh at the base (Figure 4.2). The microcosms were placed in a climate chamber maintained
at a constant temperature of 25 ◦C and irrigated daily from the top using automated sprinklers
with groundwater (Table 4.4). Water percolated through the columns and drained through
the bottom mesh, where it was collected and stored in high-density polyethylene (HDPE)
jerrycans at 4 ◦C in a refrigerated unit located beneath the setup.

The experiment lasted for 56 d, during which the irrigation rate was maintained at 50 mL per
day, equivalent to an annual precipitation rate of 1 200 mm, based on the column geometry.
At the end of the experiment, leachate samples were collected from the jerrycans for the
analysis of dissolved constituents.

The experimental design included 10 different treatments, each with 10 replicates (totaling
100 columns), arranged in a randomized block design. The columns were randomly dis-
tributed across the climate chamber to minimize potential spatial biases caused by ventilation,
temperature gradients, or the watering system, ensuring that any such effects would influence
all treatments equally. However, due to occasional malfunctions in the irrigation system
affecting a few columns across different treatments, the final number of samples was reduced
to 93. The random distribution of columns ensured that each treatment still had at least 9
replicates.

To prevent desiccation stress during the initial phase, the organo-mineral substrate was
pre-saturated to 80 % of its water-holding capacity (WHC) prior to the start of the experiment,
ensuring the survival of the inoculated microorganisms and earthworms. The WHC was
determined as described in (Calogiuri et al., 2023).
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Figure 4.2: Illustration of the flow-through columns (microcosms).

As we use groundwater for irrigation, it is crucial to know its initial composition. Therefore,
one group of treatments consisted only of empty columns serving as blanks. The next group
consisted of columns with each containing 4 000 g of crushed rock only. To assess not only the
individual effects of earthworms, fungi, and bacteria but also their interactions, the microcosm
treatments were established in a full factorial design with three binary factors (23 design). For
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this purpose, all biotic treatment columns were filled with 400 g of crushed rock mixed with
10 g of wheat straw. The factorial design resulted in eight combinations covering all possible
single and combined biotic treatments, including the rock–straw mixture without any added
organisms. Together with the blank and pure rock columns, this resulted in a total of ten
treatments. All columns were irrigated daily with 50 mL of groundwater applied from the
top (Figure 4.2). Details of the individual treatments are provided in the Supplement Section 2.

Bacterial (B. subtilis) and fungal (A. pullulans) inoculum were added at densities of ap-
proximately 1010 and 108 cells per column, respectively, using a pipette. For groups containing
earthworms, four endogenic earthworms (A. caliginosa) were placed on top of the substrate
after filling. A mesh cover prevented earthworms from escaping and was installed on all
columns to ensure consistency across treatments (Figure 4.2).

4.2.2. Materials

Rock substrate
The crushed rock (0 to 2 mm) is sourced from a volcanic rock in the Eifel region of Germany. It
was supplied by RPBL Basalt & Lava aus der Eifel and is commercially referred to as Lavagestein.
The rock was mined near the Laacher See volcanic crater lake in the East Eifel volcanic field,
close to Nickenich, Germany (50.424 6◦ N, 7.325 7◦ E).

The rock particles are porous (up to 50 % porosity), reddish-brown in color, and have a
heterogeneous particle size distribution (PSD) determined through laser diffraction (particle-
sizer Sympathec HELOS/KF Magic) (see Appendix Figure C.1). Its elemental composition
was measured by X-ray fluorescence (XRF) analysis using a Panalytical Magix Pro system.
The XRF results are shown in Table 4.1. The mineralogical composition was analyzed by
bulk X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer equipped with an
XE-T detector and using Cu-K4𝛼 radiation. The rock samples were finely ground in a wet
milling device using alcohol and subsequently dried in a manner that minimized preferred
orientation. The XRD results are shown in Table 4.2.

The rock was classified based on XRF and XRD analysis. According to the TAS (Total
Alkali-Silica) classification, it falls within the U1 Basanite/Tephrite field. Given its olivine
content of less than 10 %, the rock is further classified as Tephrite (Bas et al., 1986).
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Table 4.1: Elemental composition of the rock was measured using X-ray fluorescence (XRF) measurements.
(nd = below detection limit, LOI = loss of ignition, i.e., heating the sample to 1 000 ◦C to gas out all carbon) (𝑛 = 3).

Elements (as oxides) mass percent (%)

SiO2 43.44 ± 0.27
TiO2 2.58 ± 0.33
Al2O3 13.79 ± 0.25
Fe2O3 11.19 ± 0.26
MnO 0.17 ± 0.01
MgO 8.68 ± 0.12
CaO 12.6 ± 0.1
Na2O 2.99 ± 0.08
K2O 3.29 ± 0.09
P2O5 0.53 ± 0.07
SO3 0.03 ± 0.01
LOI 0.62 ± 0.08

Sum 99.91 ± 0.44
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Table 4.2: Bulk mineralogical composition of the rock as tested with bulk X-ray diffraction (XRD).

Group Mineral Mineral Formula Mass %

Silicates

Quartz SiO2
K-feldspar KAISi3O8
Plagioclase (Na,Ca)(Si,Al)4O6 9.65
Clinopyroxene (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 49.15
Amphibole Ca2(Mg,Fe)5Si8O22(OH)2 0.2
Forsterite (Mg,Fe)2SiO4 6.75
Nepheline (Na,K)AISiO6 11.75
Leucite KAISi2O6 11.95
Hauyne (Na,Ca)4–8Al6Si6(O,S)24(SO4,Cl)1–2 0.2
2:1 layer silicates (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,H20] 3.15
Chlorite (Mg,Fe)5Al(Si3Al)O10(OH)8
Kaolinite Al2Si2O5(OH)4

Carbonates Dolomite/Ankerite Ca(Fe +x
2 ,Mg1–x)(CO3)2

Phophates Apatite Ca5(PO4)3(OH,F,Cl) 0.95

Oxides/Hydroxides

Rutile TiO2
Anatase TiO2
Goethite Fe3+O(OH)
Hematite Fe2O3 4.75
Spinel-type minerals Fe2+Fe 3+

2 O4 1.1
Ilmenite Fe2+TiO3 0.2
Armalcolite (Mg,Fe2+)Ti2O5 0.35

Other/Amorphous Opal-CT SiO2 · n(H2O)

Sum 100.15

This particular rock type was selected for the experiment due to its very low initial inorganic
carbon content to avoid interference from fast dissolving carbonate minerals as explained in the
introduction. Total carbon (C) and nitrogen (N) was measured using a CN analyzer, revealing a
total carbon content (including both organic and inorganic forms) of just 0.012±0.001 % (𝑛 = 5).

Additionally, previous studies using the same rock powder have shown that it supports
higher earthworm activity and survival compared to other rock types (Calogiuri, Hagens,
Van Groenigen, et al., 2025). In previous and related studies the same rock powder was
referred to as the commercial manufacturer name Lavagestein or basanite (Calogiuri, Janssens,
et al., 2025; Calogiuri, Hagens, Van Groenigen, et al., 2025; Janssens et al., 2025).

Wheat straw
Wheat straw was used as an organic feedstock for the added biota. As a widely available and
inexpensive agricultural by-product, it offers a practical and scalable option for experimental
setups. In addition to its use in agriculture, wheat straw is commonly employed as bedding
material for animals. The wheat straw was obtained from Pets Place, Netherlands.
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To also account for the elements released by the wheat straw, the elemental composition of it
was tested. Therefore, it was analyzed by ICP-MS after digestion with nitric and hydrochloric
acid and heating in a microwave, adapted from the method described by Novozamsky et al.
(1996). Total C and N levels were measured using an elemental analyzer (FlashSmart, Thermo
Fisher Scientific, USA). It has a C:N ratio of 86 (see Table 4.3) and is thus more stable for
microbial decomposition due to the N limitation.

Table 4.3: Elemental composition of the wheat straw used in the microcosms, presented as mean ± s.d. (𝑛 = 4).

Element Unit Value

K

mg g−1

8.00 ± 0.08
Na 0.019 ± 0.002
Ca 2.92 ± 0.07
Mg 0.46 ± 0.01
P 0.47 ± 0.01
Zn 0.004 ± 0.001
Fe 0.112 ± 0.016
Mn 0.051 ± 0.001
C 443.64 ± 9.83
N 5.16 ± 0.97

C:N ratio g g−1 85.98 ± 16.27

Groundwater
To enhance the applicability and scalability of the mineral dissolution experiments, locally
sourced groundwater was used to irrigate 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 4.4. Given the high initial pH and load of dissolved compounds, using groundwater
will not lead to the strongest dissolution. Consequently, the resulting amounts are not directly
comparable to mineral dissolution rates obtained from experiments using pure water or acidic
solutions.
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Table 4.4: Composition of the natural groundwater used for irrigation of the microcosms (mean ± s.d., 𝑛 = 10).
For the values below the detection limit (bdl), the detection limit is added between 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−1 194.30 ± 6.60
Measured total alkalinity (TA) eq kgw−1 1 551.01 ± 65.32
Charge balance error (CBE) % −1.09 ± 0.79
Saturation index (SI) calcite - 0.993

Total Carbon

µmol L−1

1 460.11 ± 0.08
Dissolved inorganic carbon (DIC) 1 409.54 ± 8.03
Dissolved organic carbon (DOC) 44.69 ± 6.57
dissolved silica 220.58 ± 9.08
Ca2+ 714.72 ± 14.60
K+ 23.59 ± 9.02
Mg2+ 105.42 ± 17.68
P (total P) 0.29 ± 0.25
Na+ 283.22 ± 11.60
F– 6.19 ± 3.38
Cl– 237.89 ± 23.65
NO –

2 bdl (0.01)
SO 2–

4 98.09 ± 11.32
PO 3–

4 bdl (0.01)
Br– bdl (0.005)

4.2.3. Biota Preparations

The microbial cultures were received freeze dried and were subsequently rehydrated and
propagated following the supplier instructions. A 100 mL volume of growth media solution
was transferred into 500 mL Erlenmeyer flasks, which were stoppered and sealed with
aluminum foil prior to autoclaving at 121 ◦C for 20 min, and then allowed to cool prior to
inoculation. New cultures were prepared by transferring a hundredth volume of the culture
to fresh media. All reagents were purchased from Merck (Sweden).

Fungi strain incubation
Aureobasidium pullulans (from Westerdĳk Institute, The Netherlands) was grown in a malt
extract broth (MEB), containing 2 % (w/v) malt extract, 0.1 %(w/v) casein-digested peptone,
and 2 %(w/v) D-(+)-glucose, in MilliQ (18.2 mΩ) water. At the beginning of the experiment,
the cells were added together with the broth on top of the organo-mineral mixture at a cell
density of 108 cells per column.

Bacterial strain incubation
Bacillus subtilis (from Leibniz Institute, Germany) was grown on nutrient broth (DSMZ media
1). The nutrient broth was prepared by dissolving 5.0 g peptone, 3.0 g NaCl, and 3.0 g meat
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extract in MilliQ (1 000 mL). The pH was adjusted to 7.0 using 1 mol L−1 NaOH or HCl. Both
bacteria were grown at 30 ◦C, in the dark, on an orbital shaker at 30 rpm. At the beginning of
the experiment, the cells were added together with the broth on top of the organo-mineral
mixture at a cell density of 1010 cells per column.

Earthworm collection and preparation
The earthworms used in this study are abundant in the Netherlands and were collected
at the beginning of the experiment from the nearby park De Blauwe Bergen in Wagenin-
gen (51.981 1◦ N, 5.660 6◦ E). To ensure accurate identification of the earthworm species
Apporrectodea caliginosa [Savigny], a picking location was chosen where it co-occurs only
with the epigeic species Lumbricus rubellus. These two species were distinguished based on
pigmentation differences. At the start of the experiments, the earthworms were placed on the
surface of the organo-mineral substrate after being starved for two days, and their weight
was recorded, following the method of (Dalby, G. Baker, and S.E. Smith, 1996).

4.2.4. Measurements

Leachate water collection and subsampling
At the end of the experiment, all leachate jerrycans were removed from the refrigerators,
weighed, and subsequently sampled. First, the jerrycans were weighed using an electronic
hook scale, and then they were shaken to homogenize the leachate water. Next, the represen-
tative subsamples were taken and first filtered through 0.45 µm polyether sulfone syringe
filters prior to any measurements.

Physicochemical analyses
In the collected leachate samples, we measured pH, electrical conductivity (EC), total alkalinity
(TA), major cations and anions, trace elements, dissolved inorganic and organic carbon (DIC
and DOC), and dissolved silica (DSi).

pH was measured with a WTW Multimeter 3430 IDS and a SenTix 940 probe. EC was
measured using the same unit with a TetraCon® 925 probe with non-linear temperature
compensation referenced to 25 ◦C, in accordance with DIN EN 27888 (1993).

TA was quantified by automated Gran potentiometric titration using four pH endpoints (4.5,
4.3, 4.0, 3.7), following the method described by Koenig (2005). This titration was performed
using a Metrohm 888Titrando, equipped with a 10/20 mL cylinder and an Aquatrode Plus
pH electrode.

Total 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 the expected
concentration levels. The ICP-OES was used for the higher concentrations of Ca, Mg, K, Al,
and Fe, while the other elements were analyzed by ICP-MS. The elements ICP-MS measure-
ments were conducted with a Thermo Scientific™ Element2™, while ICP-OES analyses were
performed using a Thermo Scientific™ iCAP 6500 duo.
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Anions such as fluoride (F–), chloride (Cl–), nitrite (NO –
2 ), nitrate (NO –

3 ), and sulfate (SO 2–
4 )

were analyzed by ion chromatography using a Metrohm 881 Compact IC Pro system equipped
with a Metrosep A Supp 17–150/4.0 column.

DSi concentrations were determined photometrically at a wavelength of 810 nm via the
molybdate-blue method, as described by Hansen and Koroleff (1999), using a Hach Lange
spectrophotometer DR3800 (Type: LPG 424.99.00001).

DIC and DOC were quantified using a catalytic combustion-based TOC analyzer (FormacsHT,
Skalar, NLD), where DIC was measured after acidification with 4 % H3PO4.

Earthworm survival and activity
After the experiment, solid samples were collected, and the number and activity of earthworms
were determined following the method described by Garamszegi et al. (2024). Based on these
counts, the survival and activity rates of the earthworms were calculated. The survival rate
was defined as the ratio of the final number of earthworms to the initial number introduced.
The activity rate was calculated by dividing the number of active earthworms by the total
number of surviving individuals.

Microbial sample preparation and sequencing
After the experiment, when the columns were discharged, a solid sample of 50 g was taken
from each treatment group with a sterilized spoon and transferred to a falcon tube for
microbial the analysis. The substrate samples were prepared by shaking approximately 50 g
of unwashed mineral in approximately 20 to 30 mL of 0.9 % NaCl for 3 to 4 h. Similarly, for
comparison pure straw samples were prepared by shaking ≈1 g straw. The liquid fraction
was collected and centrifuged for 10 min at 4 000 rpm followed by retrieval of cell pellet and
DNA extraction according to the protocol by (Singh, 2025).

The DNA metabarcoding for prokaryotic (16S rRNA gene) and eukaryotic (18S rRNA
gene) microbial communities was done at Novogene (UK) Co. Ltd. The demultiplexed
fastq reads were used for the primer trimming and quality control using Cutadapt (v3.5)
(Martin, 2011). The paired end reads were merged using Vsearch (v2.27) followed by removal
of chimera sequences, generation amplicon sequence variants and taxonomic assignments
using package dada2 (v1.22.0) in RStudio running R (v4.1.3). Taxonomic annotations of the
prokaryotic and eukaryotic datasets were done using GTDB (v207) formatted for use with
DADA2 (Alishum, 2021) and PR2 database (v5.0.0) (Vaulot et al., 2023) formatted for DADA2,
respectively. The visualisation of microbial community was done using package phyloseq
and ggplot2.

4.2.5. Data analysis

The main focus of this study lies on the dissolved constituents in the leachate water captured
in the jerrycans. Observed concentrations were converted to total amounts for comparison
between treatments (total=concentration [mol L−1]·𝑚water/𝜌). The primary focus was placed
on leached TA and major cations. To ensure temperature-independent consistency, we used
water-mass-based amounts. For conversion purposes, water mass was translated into volume
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by assuming a water density of 𝜌 = 1 kg L−1. Only for the TA, the conversion was not
necessary as it is always mass-based.

Factorial linear model (factorial ANOVA)
To assess the effects of biotic species on TA production in a substrate consistently composed
of rock and straw, we employed a factorial linear model using ordinary least squares (OLS)
regression (Kutner et al., 2005; Montgomery, 2013). Multiple indicators can be used to assess
substrate dissolution, including cation and anion amounts, TA equivalents, and pH. For our
factorial model, we selected TA as the response variable.

Given that wheat straw was always present when biota was added, it was treated as a
co-variable, not included in the model, to prevent confounding effects. Additionally, the
blank water columns were removed from the dataset for this model. The resulting model
included the following predictors/factors:

• Main effects: addition of earthworms, addition of fungi cells, addition of bacteria cells
• Two-way interactions: earthworms × fungi, earthworms × bacteria, fungi × bacteria
• Three-way interaction: earthworms × fungi × earthworms

The key assumptions of factorial ANOVA are homogeneity of variance (all groups have the
same standard deviation), normality of the residuals, and independence of the observations.
The homogeneity of variance of the residuals is tested with the Levene test for homogeneity
of variance (Levene, 1960) implemented. The normality of residuals was tested with the
Shapiro-Wilk test (Shapiro and Wilk, 1965). Both tests were implemented with SciPy version
1.14.1 (Virtanen et al., 2020).

Boxplots (ANOVA + Tukey-Kramer test)
To interpret the full dataset, including also the pure crushed rock and blank, we have used
boxplots. Including these treatment groups helps interpret the overall response magnitude
and shows how tephrite, both alone and in combination with wheat straw, interacts with water.

All those results are presented as boxplots, created using the interactive plotting library Plotly
in Python. The different treatment groups were statistically compared. Statistical significance
was assessed using ANOVA followed by a post hoc Tukey-Kramer test (Kramer, 1956; Tukey,
1949).A significance level of 𝛼 = 0.05 was applied. The method and its potential pitfalls of
applying this test are further elaborated in Appendix section C.3.

4.3. Results

4.3.1. Biota effect on TA

One outlier sample was removed from the dataset because its inclusion caused a violation of
model assumptions for factorial ANOVA (non-normal residuals, as indicated by the Shapiro–
Wilk test). Excluding this single point restored normality of residuals without affecting the
overall interpretation of the results.
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The overall performance of the factorial linear model was extremely poor. With an overall
coefficient of determination being 0.083 (see model results in Appendix section C.4). The
ANOVA results show that none of the factors and factor interactions have a significant effect
on TA equivalents (Table 4.5). There is no significant effect of biota on the TA observable in
the given dataset, see also Figure 4.3.

Table 4.5: Factorial analysis of variance (ANOVA) results for the effects of earthworms, fungi, and bacteria on
total alkalinity equivalents (TA [meq]). Shown are sums of squares (𝑆𝑆), degrees of freedom (𝑑𝑓 ), F-values, and

associated p-values.

Factor SS df F p-value

Earthworms 0.196 1 0.174 0.678
Fungi 0.05 1 0.045 0.833
Bacteria 1.651 1 1.469 0.23
Earthworms × Fungi 0.144 1 0.128 0.721
Earthworms × Bacteria 3.472 1 3.089 0.083
Fungi × Bacteria 0.283 1 0.251 0.618
Earthworms × Fungi × Bacteria 0.927 1 0.824 0.367

Residual 74.195 66
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Figure 4.3: Total alkalinity (TA) observed in the leachate water. Abbreviations used in the legend: R = rock,
S = straw, W = worms, B = bacteria, F = fungi. Different letters indicate statistically distinct groups (ANOVA with

Tukey post-hoc).

4.3.2. Overall leachate water analysis

Water and carbonate system variables
First, we will compare the collected leachate water volume in the experimental setup to get
an idea of the water retention time and evaporation occurring in the system. As the setup
uses groundwater, the evaporation and co-occurring precipitation can also lead to a net loss
of elements when the dissolved compounds are transferred to the solid phase.
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Figure 4.4: Leachate water mass that has been collected in the refrigerated containers over the experimental
phase of 56 days. Abbreviations used in the legend: R = rock, S = straw, W = worms, B = bacteria, F = fungi.

Different letters indicate statistically distinct groups (ANOVA with Tukey post-hoc).

For the observed leachate water mass, all treatments can be grouped into two categories
(Figure 4.4). The blank columns (controls without substrate) produced a leachate water mass
of approximately 2.6 kg, whereas all other treatments yielded leachate masses ranging from
1.5 kg to 2.0 kg.
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Figure 4.5: Electrical conductivity (EC) measured in the leachate water at the end of the experiment, normalized
to 25 ◦C. Abbreviations used in the legend: R = rock, S = straw, W = worms, B = bacteria, F = fungi. Different

letters indicate statistically distinct groups (ANOVA with Tukey post-hoc).

EC increased significantly for all treatments with straw (Figure 4.5). The EC of blank and
rock-only treatments does not differ significantly. For the biotic treatments, the variability in
EC is higher than for other treatment categories.
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Figure 4.7: Total alkalinity (TA) observed in the leachate water. Abbreviations used in the legend: R = rock,
S = straw, W = worms, B = bacteria, F = fungi. Different letters indicate statistically distinct groups (ANOVA with

Tukey post-hoc).

However, for TA, there are significant changes among the treatments. Wheat straw addition
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increased TA equivalents. But when comparing the biotic treatments to pure straw and rock
mix, no significant increase in TA equivalents could be observed. The blank and pure rock
fall into the same category, not being statistically different in the given setup. Although the
TA equivalents for rock seem to be lower than the blank.

Data quality was assessed by calculating the charge balance error (CBE). The overall mean
CBE of the water analyses was 0.07 %, indicating good analytical consistency. CBE values for
the individual experimental groups are shown in Appendix Figure C.4.

The dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) data are not
presented, as the measurements were found to be unreliable and could not be repeated due
to temporal constraints. In particular, the DIC concentrations were inconsistent with the
measured total alkalinity (TA), making the results implausible, especially for samples with
very low DOC.
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Figure 4.8: Calcium (Ca), Sodium (Na), Potassium (K), and Magnesium (Mg) observed in the leachate water.
Abbreviations used in the legend: R = rock, S = straw, W = worms, B = bacteria, F = fungi. Different letters

indicate statistically distinct groups (ANOVA with Tukey post-hoc).

Similar to TA or EC, cation concentrations also responded to straw addition, but not to the
different biotic treatments (Figure 4.8). For calcium, all treatments containing straw showed a
similar amount, while the pure rock treatment exhibited lower values. Sodium showed three
statistically distinct groups: the blank, the pure rock, and the treatments with straw addition.
Potassium displayed two groups, with all straw-containing treatments forming one, and the
blank and pure rock treatments forming the other. Magnesium followed a similar pattern,
although the effect was less pronounced.
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Figure 4.9: Dissolved silica (DSi) observed in the leachate water. Abbreviations used in the legend: R = rock,
S = straw, W = worms, B = bacteria, F = fungi. Different letters indicate statistically distinct groups (ANOVA with

Tukey post-hoc).

Dissolved silica (DSi) showed no clear response to the different biotic treatments (Figure 4.9).
Owing to the large variability within some groups, the treatments with straw addition were
not statistically distinct from the blank. However, the pure rock treatment exhibited a lower
DSi amount compared to all other treatments.

Major anions
Among the analyzed anions, fluoride (F–), chloride (Cl–), nitrite (NO –

2 ), nitrate (NO –
3 ), and

sulfate (SO 2–
4 ), only Cl– and SO 2–

4 were detected.
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Figure 4.10: Sulfate (SO 2–
4 ) and chloride (Cl–) observed in the leachate water. Abbreviations used in the legend:

R = rock, S = straw, W = worms, B = bacteria, F = fungi. Different letters indicate statistically distinct groups
(ANOVA with Tukey post-hoc).

Both sulfate and chloride amounts (Figure 4.10) followed the same trend, showing elevated
values in treatments with straw addition, while remaining unaffected by the biotic factors.
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4.3.3. Biological Indications

Earthworm survival and activity
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Figure 4.11: Survival and activity rate of the earthworms collected from the substrate after the experiment.
Abbreviations used in the legend: R = rock, S = straw, W = worms, B = bacteria, F = fungi. Different letters

indicate statistically distinct groups (ANOVA with Tukey post-hoc).

Each of the treatment groups contained four earthworms at the beginning of the experiment.
The group mean values for earthworm survival range from 42.50 ± 31.29 % to 25.00 ± 20.41 %
with an overall mean value of 35.53 ± 23.70 % (Figure 4.11). The earthworm activity ranges
from 54.63 ± 41.06 % to 16.67 ± 35.63 % with an overall mean of 38.28 ± 41.95 %.

Microbial analysis
After the experimental run, the solid samples were also analyzed for their microbial community.
The inoculated microbial species A. pullulans and B. subtilis, were either not detected or were
below 0.5 % relative abundance. This is why no plots are shown with these. However, a
great abundance of microbial species was found in the pure wheat straw. The eukaryotic
and prokaryotic community present in the used straw is shown in Appendix Figure C.6 and
Figure C.7, respectively.

4.4. Discussion
Overall, the experiment revealed three overarching treatment groups that were relevant
across most variables: (1) the blank water treatment, (2) the crushed rock treatment, and (3)
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the crushed rock combined with straw (with or without biota).

First, to understand the experimental outcome, it is worthwhile to examine the collected
leachate water mass in the jerrycans. The automated irrigation system was programmed
to dispense 50 mL of water daily over a period of 56 d, resulting in a theoretical maximum
of 2.8 L. Part of this water (around 25 mL per column) can be retained by the substrate due
to its remaining water-holding capacity. All experimental treatments remained below this
threshold (Figure 4.4). Median water volumes for the pure rock and rock–straw mixture
treatments ranged between 1.5 to 2.0 L (Figure 4.4). Although minor inaccuracies in the
irrigation system cannot be ruled out, the relatively narrow distribution observed in the
control columns (see blue box in Figure 4.4) suggests that technical variation alone does not
account for the observed differences. The blank water flows faster through the columns
because there are no rocks or straw holding it back. The substrate, on the other hand, increases
retention time and extends the groundwater's exposure to the circulating warm air in the
climate chamber (25 ◦C). At the same time, the larger surface area introduced by columns
filled with substrate can lead to stronger evaporation. Both factors will lead to a loss of water
from the setup, as shown in the leachate water mass (Figure 4.4).

The reduction in water mass due to evaporation results in higher concentrations of con-
servative compounds in groundwater. This increases the mineral saturation state, thereby
increasing the likelihood of precipitation. For example, calcite is already supersaturated in
groundwater, with a saturation index of ≈1. We observed slight decreases in Na, Mg, Ca, TA,
DSi, Cl–, and SO 2–

4 for the treatment group with only crushed rocks (Figure 4.7–Figure 4.10)
compared to the blank. However, only the decrease in Ca and Na was statistically significant.
The concurrent decline in Ca (Figure 4.8) and TA (Figure 4.7), combined with the initially
high pH and saturation index, strongly suggests that calcite precipitation occurred within the
system. The decline in TA was 1.05 meq, while the decline in Ca was 0.58 mmol (1.16 eq); both
changes are stoichiometrically consistent with each other. Likely, other salts also precipitated,
incorporating sodium to some extent. However, this is not typically expected, as Na salts
are generally highly soluble in water. A part of it might have been impurities in the carbonates.

With the straw addition to the crushed rock, the leached elements increased, but the
added biota couldn’t show any significant effects, which is further elaborated in the two
following sections.

4.4.1. (Additional) biotic weathering effect

None of the biotic additions or their interactions increased TA significantly (Figure 4.3 and
Table 4.5). The biotic effect on leached cations (Figure 4.8) was also not significant.

DNA extraction from the substrate after the experiment could reveal that the inoculated
microorganisms were undetectable in the substrate. Both microorganisms, A. pullulans and
B. subtilis, were either not detected or had relative abundances of less than 0.5 %. Thus, we
can conclude that the added fungi and bacteria species were unable to colonize the organo-
mineral mix. This can be due to multiple reasons. Either the initial present microbial species
were too dominant, the setup design was not suitable for the selected microorganisms, the
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wrong microbial species were selected, or the daily watering just flushed out the inoculated
microorganisms. Likely, the latter was the main cause. Using ultrapure water, sterilizing the
straw and rock substrate, and working with water recirculation are recommended to study
their actual effects on rock weathering.

The earthworms (A. caliginosa) did not show a significant effect either, but their survival was
extremely poor. Across all treatment groups containing earthworms, the average survival rate
was 35.53 ± 23.70 %. The activity rate of the earthworms that survived was 38.28 ± 41.95 %.
Both parameters indicate that the experimental setup is unsuitable for earthworms to survive
and thrive. Bart et al. (2018) reported a life cycle of A. caliginosa of 5 months and a lifespan
of more than 2 yr. Therefore, it is highly unlikely that the observed mortality resulted from
natural senescence within the 56 d experimental period. Additionally, the temperature of
the climate chamber in which the experiment took place (25 ◦C) may not have been favorable
for this species. Lowe and Butt (2005) report that adults prefer temperatures between 10 to
15 ◦C. Furthermore, the groundwater used, with a pH of 8, might not have been optimal.
G. H. Baker and Whitby (2003) found a slight aversion of another endogeic earthworm species,
Aporrectodea longa, to soils above a pH of 7. The beneficial effects of earthworms on rock
weathering should therefore be studied in a more soil-like substrate and over substantially
longer durations under suitable temperature conditions.

4.4.2. Wheat straw effect

The addition of straw to the tephrite substrate increased the leached amount of K, Mg, and
Na, as well as leached TA equivalents. In contrast, introducing biota did not further K, Mg,
Na, and TA release. When all biotic treatments are pooled into a single group for comparison
(see red boxplots in Figure 4.12), no significant increase in cation amount or TA was observed
relative to the rock + straw treatment alone. Thus, the added wheat straw is considered the
key driver for the observed amounts of substance and TA equivalents.



4.4. Discussion 81

0

1

2

3

4

5

0.2

0.3

0.4

0.5

0.6

0.5

1

1.5

2

2.5

3

0.5

1

1.5

2

4

6

8

10
Treatment

blank (n = 9)
R (n = 10)
R+S (n = 9)
R+S+X (n = 65)

K [mmol] Mg [mmol]

Ca [mmol] Na [mmol]

TA [meq]

aa

b
b

a

a

b b

a

a

a
b

a
a

b

c

a
a

b
c

Figure 4.12: Major cations and total alkalinity (TA) observed in the leachate water. Abbreviations used in the
legend: R = rock, S = straw. The group R+S+X is all biotic treatments pooled into a single group. Different letters

indicate statistically distinct groups (ANOVA with Tukey post-hoc).

The straw is mainly composed of 11 to 26 % lignin, 32 to 45 % cellulose, 20 to 45 % hemicellu-
lose, 0 to 3 % starch, 2 to 6 % protein, and 0 to 2 % ash (L. Zhang et al., 2022). Except for ash,
all these components contain solely C, H, and O, and additionally N in the case of proteins.
The ash content is the most interesting aspect of the weathering experiments, as it interferes
with the weathering signal. Cations originating from the wheat straw therefore need to be
removed from the rock weathering assessment. This separation is crucial to disentangle the
signals and assess whether an additional effect on rock weathering arises from the straw. To
analyze the potential additional effect, the straws' elemental composition was used (Table 4.3).

The elemental composition of pure wheat straw (Table 4.3) was analyzed to estimate the
maximum amounts of Na, K, Ca, and Mg that could potentially leach from the straw alone. In
each straw + rock treatment, 10 g of straw was added. This serves as a baseline to differentiate
the influence of the straw from the combined effects of straw and rock. If the elemental con-
centrations in the straw-rock mixtures exceed both the rock-only controls and the maximum
values expected from the elemental composition of straw alone, it suggests that additional
processes beyond simple straw dissolution may be contributing.

The amount of monovalent cations K and Na seems to be increased above the level of
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the rock only with added elemental content from the straw (Figure 4.13). The divalent
cations Ca and Mg seem to be unaffected by the straw addition, as they are statistically not
different. However, the release of Ca and Na amounts for rock only was even lower than in
the blank, indicating precipitation of minerals. The straw was able to stop the loss. For Ca,
we hypothesize that the elevated partial CO2 pressure in the columns, resulting from straw
decomposition, stopped the formation of CaCO3. The biggest release was found for K, and it
is in line with the leached TA equivalents.
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Figure 4.13: Calcium (Ca), sodium (Na), potassium (K), and magnesium (Mg) in the leachate. Abbreviations used
in the legend: R = rock, S = straw. The R + maximum straw contribution group represents rock-only values
adjusted by adding the theoretical elemental contribution from the wheat straw. Letters indicate statistically

distinct groups (ANOVA with Tukey post-hoc test). Values in parentheses refer to the number of replicates per
treatment.

Overall, the experiment was not designed to isolate the effect of straw, as the factorial setup
did not include straw as an independent factor. Including straw as a separate treatment would
not be meaningful, since straw serves as a food source for earthworms and microorganisms
and is therefore intrinsically linked to the presence of biota. As such, straw was co-applied in
all biotic treatments.

It is recommended to study the straw effect in another separate experimental design without
all the biota additions. Therefore, some straw blank would be required. Only filling the used
columns with wheat straw might not be sufficient for that case, as it will affect the water
flow through the column, which can control the chemical reactions. Clear separation of
straw derived cations (Na, K, Ca, Mg) and alkalinity from rock-derived solutes is essential to
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evaluate whether straw provides a beneficial enhancement to tephrite rock weathering and
alkalinity release. If a positive effect is observed, it will be important to discern whether it
results from the direct biotic activity of the non-sterilized straw or from straw decomposition,
which produces elevated CO2 partial pressure, lower pH, and consequently higher dissolution
rates. Furthermore, future work in microbially enhanced weathering (MEW) aimed at CO2
removal rather than just element release should always quantify the carbonate contribution
to total alkalinity by using DIC, pH, and temperature to distinguish true carbonate alkalinity
from non-carbonate alkalinity sources.

4.5. Conclusion
In the conducted weathering experiment, which lasted 56 days, the added biota did not
show a significant effect on the weathering process. None of the treatments, including
microorganisms (Aureobasidium pullulans and Bacillus subtilis), and endogenic earthworms
(Apporrectodea caliginosa [Savigny]), increased the release of Na, K, Ca, Mg, or TA. The added
fungi and bacteria were unable to colonize the substrate, as evidenced by the microbial
community analysis. Similarly, earthworms did not thrive under the experimental conditions,
with a mean survival rate of 35.53 ± 23.70 % and a mean activity level of 38.28 ± 41.95 %
among the surviving individuals.

However, the addition of wheat straw might have enhanced the dissolution of the tephrite
rock substrate, evidenced by the elevated leached K amount and TA equivalents. The native
microbial community introduced together with the straw likely produced CO2 and organic
acids, thereby enhancing rock weathering beyond what atmospheric CO2 alone would gener-
ate. To clearly isolate and quantify the role of straw, its presence should be included as an
explicit factor in a full factorial experimental design. This would allow for the disentangling
of the leached elements and total alkalinity derived from the straw itself from any symbiotic
effects with the rock substrate.



5
Using Electrical Conductivity as a

predictor for Total Alkalinity in
controlled ERW systems

Abstract
Total alkalinity (TA) is widely used to infer carbon dioxide (CO2) removal in enhanced rock
weathering (ERW) systems. Its determination relies on destructive titration methods that
require substantial sample volumes and are time-consuming. Moreover, achieving high tem-
poral resolution is challenging, as TA measurements require discrete sampling, acidification,
and offline analysis. In contrast, electrical conductivity (EC) can be measured directly in
flowing water streams without sample preparation, enabling continuous, non-destructive,
high-frequency monitoring. However, the applicability of EC as a proxy for TA depends on
solution chemistry and rock or feedstock composition.

Here, we investigate the relationship between EC and TA in a controlled rock-weathering
reactor experiment conducted under constant CO2 partial pressure and temperature using a
peridotite feedstock rich in olivine/forsterite. Measurements of EC, TA, and major dissolved
cations were combined with aqueous speciation modeling to evaluate the conditions under
which EC can reliably predict TA and the associated CO2 uptake.

For homogeneous materials, alkalinity and dissolved cations are released in a constant
stoichiometric ratio, resulting in a stable and predictable EC–TA relationship. Under these
conditions, temperature-corrected EC serves as a robust proxy for TA. In contrast, het-
erogeneous rocks composed of multiple mineral phases exhibit time-dependent EC–TA
relationships driven by the sequential dissolution of minerals with differing dissolution rates,
requiring periodic recalibration of EC-based TA estimates. In more complex systems such
as soils, agricultural practices including fertilization, organic amendments, or tillage can
introduce dissolved ions that are not derived from the ERW rock feedstock. Such external ion
inputs alter solution composition and destabilize the EC–TA relationship, thereby limiting
the reliability of EC as a proxy for TA.

84
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5.1. Introduction
Total alkalinity (TA) is a widely used proxy for quantifying CO2 uptake in enhanced rock
weathering (ERW) applications ((Amann and Hartmann, 2022; Dupla et al., 2025; Hasemer,
Borevitz, and Buss, 2024; Larkin et al., 2022; Maxbauer et al., 2026; Te Pas et al., 2025; Vienne
et al., 2022). However, TA determination by potentiometric titration is inherently destructive,
as the sample must be acidified to the equivalence point. Typical titration volumes are on
the order of 25 mL (APHA, AWWA & WEF, 2017), although the required volume ultimately
depends on the titration setup, expected alkalinity range, and electrode configuration. The
aqueous sample must be sufficiently large to ensure proper immersion of the pH electrode,
adequate mixing, and reliable acid delivery.

Because each measurement consumes a discrete sample aliquot, direct TA determination
becomes labor-intensive and sample-consuming when applied at high temporal resolution.
Consequently, continuous or in-line monitoring of TA is analytically challenging compared to
non-destructive parameters such as electrical conductivity.

For water samples, it has been shown that EC can be a robust proxy for bulk solution
chemistry. It is a collective measure of dissolved ions (Hem, 1982). It has long been used as a
reliable estimator of total dissolved solids in waters (J. D. Rhoades, 1996; Thirumalini and
Joseph, 2009; Walton, 1989). A closely related example is the laboratory assessment of soil
salinity using EC measurements of aqueous soil extracts (D. L. Corwin and Yemoto, 2020)).
Another prominent example is in ocean science, where EC is a standard parameter measured
routinely using conductivity–temperature–depth (CTD) sensors (S. Xiao et al., 2023). In this
context, EC is used to derive practical salinity (Lewis, 1980), which reflects the concentration
and composition of dissolved ionic constituents in seawater.

TA and EC are mechanistically linked. In weathering systems composed of a homoge-
neous feedstock, mineral dissolution releases cations and associated alkalinity-generating
species in constant stoichiometric proportions. For example, the dissolution of forsterite by
carbonic acid (Equation 5.1) produces two Mg2+, four HCO –

3 , and dissolved silica (H4SiO4)
per mole of mineral dissolved.

As a consequence, the relative ionic composition of the solution remains stable over time, and
EC increases proportionally with the concentration of dissolved ions. Under such conditions,
a stable EC–TA relationship emerges, allowing EC to serve as a proxy for both total dissolved
ion concentrations and total alkalinity.

Mg2SiO4(s) + 4 CO2(g) + 2 H2O 2 Mg2+ + 4 HCO –
3 + H4SiO4(aq). (5.1)

The EC of an aqueous solution can be calculated by taking the molar conductivities (Λ𝑖)
of each ion present in the solution and multiplying it by the molality of the species (𝑚𝑖

(Equation 5.2).

EC =

∑
𝑖

Λ𝑖(𝑇, 𝐼) × 𝑚𝑖 (5.2)
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The molar ionic conductivity (Λ𝑖) of the dissolved species depends on the specific ion,
temperature, and the ionic strength of the solution (McCleskey, Nordstrom, and Ryan, 2012).
Consequently, each ion contributes individually to the overall EC according to its charge and
mobility (see Table 5.1).

Table 5.1: Molar conductivities (Λ) for selected ions at infinite dilution (Vanysek, 1993)

Ion Λ at 25 ◦C (S cm2 mol−1)

HCO –
3 44.5

Na+ 50.08
K+ 73.48
Mg2+ 106
Ca2+ 118.94
CO 2–

3 138.6
OH– 198
H+ 349.65

Because different aqueous species exhibit distinct molar conductivities, changes in ionic
composition or speciation can alter EC even at constant total solute concentration. This
implies that EC not only reflects total dissolved ion content but may also provide indirect
information on shifts in aqueous speciation.

EC measurements are typically temperature-compensated and reported at a reference temper-
ature of 25 ◦C to facilitate comparison among measurements made at different temperatures
(McCleskey et al., 2012). Different methods can be used to correct to the reference temperature
of 25 ◦C (DIN EN 27888 1993).

The relationship between EC and TA has been investigated in a range of aquatic and
geochemical studies (Amann and Hartmann, 2022; Bouillon et al., 2014; Proulx et al., 2018;
Sechriest, 1960). In the context of enhanced rock weathering, Amann and Hartmann (2022)
applied this approach to leachate samples from column experiments filled with crushed rock
substrate, where solute release was largely controlled by mineral dissolution.

In contrast, soil systems are considerably more complex. Soil porewater contains dis-
solved species originating not only from the applied rock feedstock but also from organic
matter turnover, fertilizer inputs, atmospheric deposition, and microbial processes. These
additional ion sources alter the ionic composition independently of silicate weathering and
decouple EC from alkalinity production, thereby limiting the robustness of EC as a proxy for
TA in soil environments (Rieder, Amann, and Hartmann, 2024).

Unlike soil-based systems, this experiment was conducted in a purely inorganic reactor
using only crushed olivine-rich rock and demineralized water. No soil, organic amendments,
biota, or fertilizers were present. This highly controlled setup isolates rock weathering as the
sole source of dissolved ions, allowing us to directly test whether EC can serve as a robust
predictor of TA and associated CO2 uptake.
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5.2. Materials and Methods

5.2.1. Experimental setup

We conducted experiments in a closed, continuously mixed, flow-through-recirculating
reactor (working water mass around 25 kg of water) operated at ambient temperature and
pressure (Figure 5.1). The headspace was continuously flushed with CO2 at 1 atm with
0.1 NL/min, while the granular rock substrate was mixed at 0.1 rpm, to avoid the develop-
ment of preferential pathways through the substrate. The leachate water was recirculated
in the system at 1 200 L h−1. At the top of the reactor, the recirculated leachate water was
distributed via drippers to ensure uniform wetting and mixing across the substrate.

At the start of the experiment, the reactor's solid basin was filled with 42 kg of granu-
lar peridotite rock substrate (section subsection 5.2.2). Then the reactor was sealed to make
it airtight. The liquid basin was filled with 25 kg of demineralized water. Then, the reactor
headspace was purged with CO2 to displace the ambient air, thereby establishing a CO2
partial pressure of 1 atm.

Under these conditions, the flow-through reactor was operated continuously for 31 days.
Reactor leachate was discharged 3 times per week (Monday, Wednesday, Friday) at around
≈ 2-day intervals; when a weekend intervened, the interval was extended to 3 days. This
produced a recurring discharge schedule of 2, 2, and 3 days (repeating). Due to residual dead
volume in the leachate collection basin, remaining pore water within the rock substrate, and
water retained in the tubing (approximately 3 L in total), the system cannot be completely
drained during emptying. As a result, the solute concentrations in the reactor do not decrease
to the low levels expected after refilling with demineralized water, because residual leachate is
present in the subsequent cycle. The discharged leachate mass was quantified gravimetrically
using a weighing scale.

During the study period, the reactor was flushed 14 times. These flushing events are
critical for carbon accounting because they define the moments at which TA and associated
carbon species are exported from the reactor. The total CO2 removed is quantified at these
time points based on the discharged water mass and the corresponding TA concentration.
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Figure 5.1: Flow-through reactor setup that was used for the experiment.

5.2.2. Rock type

The granular rock substrate used was provided by Sibelco and is marketed under the com-
mercial name Olivine. It was mined near Åheim, Norway, from an open-pit mine (62.003 6◦ N,
5.580 3◦ E). It has a grey-green color (Supplementary Figure D.1), consistent with its high
olivine content. Petrographically, it is a plutonic ultramafic igneous rock and is classified
as peridotite. By the IUGS classification dunite is defined as peridotite with 90 to 100 vol %
of olivine (Le Maitre et al., 2002; Streckeisen, 1973). Our rock sample contains 86.85 % (by
mass) olivine (forsterite) and is therefore very close to the compositional boundary of the
dunite field (see Table 5.2). Although formal ultramafic rock classification is based on modal
volume percentages, conversion from weight to volume percent would only slightly reduce
the olivine proportion and would not substantially alter the petrographic interpretation.
Given natural small-scale heterogeneity within the deposit, adjacent material could plausibly
meet the ≥ 90 % (by volume) criterion. Accordingly, the sample can be described as an
olivine-dominated peridotite, approaching dunite composition.
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The high content of forsterite makes this rock substrate an interesting material for carbon diox-
ide removal applications, as it dissolves comparably fast with a rate 𝑙𝑜𝑔𝑅 = −8.603 mol m−2 s−1

at pH = 5 and 𝑇 = 25 ◦C (Rimstidt, Brantley, and Olsen, 2012). The dissolution of forsterite
releases magnesium (Mg) which is beneficial as it generally will not form solid carbonates
at ambient temperature. Anhydrous magnesite (MgCO3) needs elevated temperatures and
pressure to form (Giammar, Bruant, and Peters, 2005; O’Connor et al., 2002; Pokharel et al.,
2019; Rimstidt, Brantley, and Olsen, 2012; Sanna et al., 2014), typically requiring temperatures
above 100 ◦C and CO2 pressures more than 100 bar (Entezari Zarandi et al., 2017; Scott et al.,
2021). Under atmospheric or near-atmospheric conditions, hydrated Mg carbonates such as
nesquehonite may form (Entezari Zarandi et al., 2017; Scott et al., 2021).

However, the present study focuses exclusively on the generation and export of TA in the
aqueous phase. Carbonate precipitation removes TA from solution and therefore represents
unrealized TA in our TA-based carbon accounting. Accordingly, the system is conceptually
simplified to the reaction of carbonic acid with forsterite (Equation 5.3), considering only the
dissolved products.

Mg2SiO4(s) + 4 CO2(g) + 2 H2O 2 Mg2+ + 4 HCO –
3 + H4SiO4(aq). (5.3)

Table 5.2: The bulk mineralogical composition was determined by X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer equipped with an XE-T detector and Cu-K𝛼 radiation. Prior to analysis, rock samples
were finely ground in a wet milling device using alcohol, followed by controlled drying to minimize preferred

orientation effects (𝑛 = 2).

Group Mineral Formula mass %

Silicates

Quartz SiO2
K-feldspar KAISi3O8
Plagioclase (Na,Ca)(Si,Al)4O6
Clinopyroxene (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 1.2
Orthopyroxene (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O7 4.65
Amphibole Ca2(Mg,Fe)5Si8O22(OH)2
Forsterite (Mg,Fe)2SiO4 86.85
2:1 layer silicates (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,H20] 2.5
Chlorite (Mg,Fe)5Al(Si3Al)O10(OH)8 2.25
Serpentine (Mg,Fe,Ni,Mn,Al,Zn)3[Si2O5](OH)4 2.05
Talc Mg3Si4O10(OH)2 0.5

Carbonates Dolomite/Ankerite Ca(Fe 2+
x ,Mg1–x)(CO3)2

Sum 100
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Table 5.3: Elemental composition of the rock was measured using X-ray fluorescence (XRF) measurements. (nd =
below detection limit, LOI = loss of ignition, i.e., heating the sample to 1 000 ◦C to gas out all carbon) (𝑛 = 3).

Elements mass %

SiO2 41.55 ± 0.23
TiO2 0.02 ± 0.01
Al2O3 0.78 ± 0.01
Fe2O3 7.26
MnO 0.09
MgO 47.87 ± 0.24
CaO 0.35 ± 0.19
Na2O 0.03
K2O 0.03 ± 0.01
P2O5 0.01
SO3 nd
LOI 1.80 ± 0.13

Sum 99.78 ± 0.12

5.2.3. Measurements

In the reactor leachate, pH, electrical conductivity (EC), temperature (𝑇), total alkalinity (TA),
and the major cations Na+, K+, Ca2+, and Mg2+ were measured. EC was monitored inline
using a JUMO BlackLine CR-GT probe (Series 202922), pH with a JUMO tecLine electrode
(Series 201020), and temperature with a JUMO compensation thermometer (Series 201085).
All probes were installed in a single flow-through chamber (Figure 5.1) and recorded at 15 s
intervals.

TA was determined by automated Gran titration using four endpoints (pH 4.5, 4.3, 4.0,
and 3.7) with a Metrohm 2035 Process Analyzer. As TA analysis is destructive and time-
intensive, measurements were performed every 3 h, beginning with the discharge event
preceding each flushing cycle. The TA is measured in line in a processing line together with
the cations.

Base cations (Na+, K+, Ca2+, and Mg2+) were quantified by ion chromatography (930 Compact
IC Flex, Metrohm) using a Metrosep C6–150/4.0 column. Cation concentrations were mea-
sured every 1.5 h between successive discharge events.

Major anions were not quantified, as the feedstock contains negligible amounts of sul-
fur, phosphorus, and organic constituents (Table 5.3). The analytical dataset exhibits a mean
charge balance error (CBE) of 1.34 % (Appendix Figure D.2) when anion concentrations
are assumed to be zero in Equation 5.4. This low CBE indicates that unmeasured anionic
species are minor. Substantial concentrations of unaccounted anions would have resulted in
a pronounced positive charge balance error.
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CBE =

∑
cations − (∑ anions + 𝑇𝐴)∑
cations + (∑ anions + 𝑇𝐴) · 100 (5.4)

5.2.4. Data treatment

Before analyzing the dataset, the data needed to be homogenized, given the different sampling
frequencies of the parameters.

First, the data were resampled on a 30 min temporal resolution using Python with the
pandas library (version 2.2.3) (McKinney, 2010). Median values were used to obtain repre-
sentative measurements on a common time grid across all sensors, as this approach is more
robust to short-term fluctuations and rapid transitions compared to a mean approach. Second,
for the calibration between EC and TA, data points within 1 h before and after discharge events
were excluded. These transition periods are non-representative due to the water replacement
and a temporal mismatch between EC and TA measurements. After the discharge, fresh
demineralized water is pumped into the system, diluting the residual leachate water within
the reactor system. In addition, time is required for the new solution to equilibrate with the
elevated 𝑝CO2 conditions. Because EC, temperature, and pH are measured inline within
a dedicated chamber, the recirculation pump must first replace the residual water in this
chamber before the recorded EC corresponds to the TA of the newly equilibrated leachate
(Figure 5.1). Only after this flushing and equilibration phase do EC and TA reflect the same
water composition.

The excluded data points are indicated in the EC–TA calibration diagram. Based on the
derived EC–TA calibration function, TA was predicted for the entire time series. This enabled
a direct visual comparison with the measured data and allowed missing TA values to be
reconstructed from the EC–TA relationship.

Prior to filtering, a total of 157 TA data points were available. After exclusion of non-
representative samples, 133 data points remained for the EC–TA calibration. With the
relationship, TA could then be recovered and calculated on 30 min timesteps like EC, leading
to a time series of 1491 datapoints.

In a subsequent step, the whole predicted TA time series was analyzed to identify local
maxima using the SciPy library in Python (Virtanen et al., 2020). These peaks in concentrations
were then used together with the discharged water mass to calculate the total TA fluxes and
CO2 removal.

5.2.5. Calculation of CO2 removal

Because the setup includes only demineralized water and a forsterite-dominated rock, we can
assume that acid-base systems other than the carbonate system are irrelevant. Therefore, we.
take the TA as a proxy for the sequestered CO2 in the water.

The reactor operates at elevated 𝑝CO2, resulting in a relatively low pH of the leachate
water. Under these conditions, most TA will be held by HCO –

3 and the contribution of
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CO 2–
3 to TA will be minor. Importantly, the CO2 quantified via TA does not represent the

total dissolved inorganic carbon (DIC) of the closed carbonate system. Rather, it reflects
only the alkalinity-derived carbon generated by mineral dissolution, i.e., the fraction of DIC
that is charge-balanced by weathering-derived base cations. Within the closed, pressur-
ized reactor system, the carbonate system can therefore be simplified by assuming a 1:1
stoichiometric relationship between TA and stored CO2 (i.e., 1 eq TA corresponds to 1 mol CO2).

Upon discharge, however, the leachate comes into contact with atmospheric 𝑝CO2. The
resulting degassing increases the pH and shifts carbonate speciation toward a higher fraction
of 𝐶𝑂32−. Because 𝐶𝑂32− contributes two equivalents of alkalinity per mole of carbon, the
effective stoichiometric CO2–TA conversion factor (𝛾(CO2/TA)) decreases toward 0.5 (i.e.,
1 eq TA corresponds to 0.5 mol CO2). Depending on the discharge pH and the extent of
dilution, 𝛾 therefore ranges between 1 and 0.5. In general, the lower the TA concentration
and the more diluted the solution (low pH), the closer this ratio approaches 1, as alkalinity is
then predominantly present as HCO –

3 .

In addition, dissolved inorganic carbon (DIC) not associated with TA will degas upon
lower 𝑝CO2. If dilution is limited, elevated carbonate ion concentrations may further promote
secondary carbonate precipitation, which can also constrain the net CO2 storage.

For the CO2 removal assessment, the peak TA measured immediately prior to each dis-
charge event was used. This value represents the maximum alkalinity generated while the
water remained in contact with the rock and thus reflects the cumulative TA production
within the quantification interval. Therefore, the pre-discharge TA peak provides the most
representative measure of TA generation and associated CO2 uptake for each cycle.

This peak TA concentration at discharge was multiplied by the corresponding discharged
water mass to obtain the total amount of alkalinity exported from the system (in eq). This
value was then converted to captured CO2 using the stoichiometric conversion factor 𝛾,
assumed to be 1 molCO2 per eq TA. Finally, the resulting molar amount of CO2 was converted
to mass using the molar mass of CO2 (Equation 5.5).

𝑚CO2 ,𝑖 [𝑔] = 𝑇𝐴𝑖 · 𝑚water,𝑖 · 𝛾 ·𝑀CO2 (5.5)

The mass-specific CO2 capture was calculated as the ratio of captured CO2 mass to applied
rock mass. For reporting, results are expressed in kg CO2 per ton of rock.

𝐶𝐶𝑂2 , 𝑟𝑜𝑐𝑘 =
𝑚CO2

𝑚rock
(5.6)

5.3. Results

5.3.1. Time series of chemical parameters

TA, EC, and pH showed a repeating sawtooth-like pattern over time, characterized by
abrupt decreases during discharge events followed by a gradual recovery in between flushes
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(Figure 5.2). The three variables evolved in parallel, indicating that they are not independent
but chemically coupled.
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Figure 5.2: Total alkalinity (TA), electrical conductivity (EC), and pH measured in the leachate water in the liquid
basin. The dashed gray lines indicate the leachate discharge times. The red shaded area indicates the time period

where TA data are unavailable or not representative.

The base cations exhibited the same repeating sawtooth-like pattern over time as pH, TA
and EC, but interestingly, their relative contributions changed over time. Magnesium (Mg2+)
was consistently the dominant released cation and remained at the highest concentrations
across all discharge cycles, followed by potassium (K+) and then calcium (Ca2+) (Figure 5.3).
In contrast, sodium (Na+) exhibited rapid washout: concentrations were initially higher than
those of K+ during the first cycle but declined across successive cycles, reaching the lowest
levels among all cations by the end of the experiment. Similarly, K+ concentrations decreased
over time; although K+ initially exceeded Ca2+ concentrations in the first cycle, it subsequently
fell to concentrations comparable to those of Ca2+ in later cycles.
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Figure 5.3: Base cation concentrations (Na+, K+, Ca2+, and Mg2+) measured in the leachate water during the
experiment.

5.3.2. EC-TA calibration

For the EC–TA calibration, both linear and quadratic regression models were evaluated. The
quadratic fit yielded a lower residual sum of squares and a higher coefficient of determination
(R2) compared to the linear model, indicating an improved representation of the observed
relationship. The datapoints excluded from the calibration (i.e., those associated with
transition periods around discharge events) clearly deviate from the main trend and fall
outside the fitted curve, supporting their classification as non-representative (grey points
in Figure 5.4). Overall, EC and TA exhibit a strong and consistent correlation within the
representative dataset, confirming the suitability of EC as a predictor for TA under stable
reactor conditions.
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Figure 5.4: Electrical conductivity (EC) and total alkalinity (TA) calibration for 1 atm CO2 and 𝑇 = 25 ◦C.

The model performance was evaluated using the coefficient of determination (R2), root mean
square error (RMSE), mean absolute error (MAE), mean error (bias), and median absolute
percent error (MdAPE).
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Figure 5.5: Comparison of measured and EC-predicted total alkalinity (TA) using a quadratic calibration model.
Performance metrics (R2, RMSE, MAE, bias, and MdAPE) are shown in the panel. The dashed line indicates the

1:1 agreement between prediction and observation.

The calibration enabled to predict the TA data that were lacking due to malfunctioning of
the pump. One can see that the prediction is following the observations to a good extent
(Figure 5.6).
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Figure 5.6: Time series of predicted total alkalinity (TA) with measured TA. The green triangles indicate the
maximum TA reached before a discharge event. The red shaded area indicates periods where TA data are

unavailable or not representative.

The identified TA peaks (local maxima) are indicated in the TA prediction time series as green
triangles (see Figure 5.6). These peaks were used together with the extracted water mass to
calculate the CO2 removal in Figure 5.7.

5.3.3. CO2 removal

The carbon dioxide removal (CDR) assessment of the experiment is shown in Figure 5.7. It
is based on the peak TA concentrations and water mass. With 41 904 g of rock used in the
setup in the 31 d a cumulative amount of 6.284 eq of TA were produced equating to 277 gCO2
(assuming 1:1 ratio). For that 230 kg of water were used/discharged that carry the TA making
it 831 kgH2O/kgCO2. Normalized for the used rock mass 6.6 kgCO2 were captured. Also
normalizing by the time of the experiment leads to 0.213 kgCO2/trock/d.
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Figure 5.7: Cumulative total alkalinity equivalents leached over time. For the CDR assessment, we simplified
TA = sequestered CO2.

5.4. Discussion

5.4.1. TA prediction from EC

The observed EC and TA data from the reactor experiment cover a broad range. This broad
concentration range enabled a robust calibration of the EC–TA relationship in the range of 6
to 67 meq kgw−1.

Figure 5.3 shows a quadratic relationship between electrical conductivity (EC) and total
alkalinity (TA), described by following regression result:

𝑇𝐴 = 0.92𝐸𝐶2 + 12.34𝐸𝐶 − 0.05. (5.7)

In many environmental studies, EC–TA relationships are approximated as linear (Amann
and Hartmann, 2022; Kney and Brandes, 2007; Paessler et al., 2026; Shrestha and Basnet, 2018;
Xue et al., 2017). This is often justified because the observed EC and TA values span only a
relatively narrow range, within which a linear approximation is sufficient at the analytical
resolution of the measurements. In addition, limited sample numbers may not support
statistically robust higher-order regressions.

However, from a chemical perspective, the relationship between EC and TA is inherently



5.4. Discussion 99

non-linear. As TA increases, carbonate speciation shifts and additional aqueous complexes
form. A linear model implicitly assumes that increases in TA are associated solely with
proportional increases in free ions such as Mg2+ and HCO –

3 . In reality, interactions between
magnesium and carbonate species lead to the formation of additional aqueous complexes,
which have individual molar conductivities contributing to EC. Consequently, a quadratic
formulation can more accurately capture the evolving EC–TA relationship.

In general, the degree of nonlinearity (curvature) depends on the sample’s ionic com-
position, because the major cations (Na+, K+, Ca2+, Mg2+) contribute differently to EC as they
form different complexes in water. For example, for K+ and carbonate alkalinity there is
little interaction making the relationship linear (see Figure 5.8). The bivalent cations Mg2+

and Ca2+ however do show strong interaction with carbonate species leading to a less linear
relationship (see Figure 5.8).
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Figure 5.8: Electrical conductivity (EC) as a function of total alkalinity (TA) modeled with PhreeqPython using
the phreeqc.dat database. The colored curves represent scenarios with constant stoichiometric ratios between base
cations and TA. The grey dashed line illustrates EC calculated from TA based on the mean base-cation ratios of

the rock feedstock. Experimental TA–EC observations are shown as crosses.

At elevated TA and thereby higher pH, aqueous complexation becomes more important,
effectively reducing the activities of free Mg2+, HCO –

3 , and CO 2–
3 . These complexes are worse

conductors than the free ions (David L. Parkhurst and C. a. J. Appelo, 2013; Stumm and
Morgan, 1996). To show this pattern, it was modelled with phreeqpython, a Python interface
to PHREEQC (David L. Parkhurst and C. a. J. Appelo, 2013), using the four different base
cations and TA in fixed stoichiometric ratios (Figure 5.8).

The increase in electrical conductivity with TA (ΔEC/ΔTA) progressively flattens at higher
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TA as aqueous speciation changes (Figure 5.8). At low pH, magnesium occurs predominantly
as free Mg2+, and carbonate species are scarce. With increasing pH and TA, more carbonate
species form and promote the complexation of Mg2+, reducing the activities of free CO 2–

3 ,
HCO –

3 , and Mg2+ in solution.

Within the pH range of the experimental setup, the relevant aqueous complex that will
form is MgHCO +

3 , as predicted by PHREEQC using the phreeqc.dat thermodynamic database
(David L. Parkhurst and C. a. J. Appelo, 2013) (see Figure 5.9). This complex has a substantially
molar conductivity than the corresponding free ions (Mg2+ and HCO –

3 ) (David L. Parkhurst
and C. a. J. Appelo, 2013) and therefore contributes less to electrical conductivity.

This can be shown by the molar limiting conductivities Λ0
𝑚,𝑖

. Those can be calculated
by the Nernst Einstein equation (Atkins, de Paula, and Keeler, 2023) with diffusion factors
taken from PHREEQC (D L Parkhurst and C. A. J. Appelo, 2013). The molar limiting
conductivities were taken from the aqion database (aqion, 2020).

Λ0
Mg2+ = 105.1 S cm2 mol−1

Λ0
HCO –

3
= 44.3 S cm2 mol−1

Λ0
𝑀𝑔𝐻𝐶𝑂+

3
= 18.0 S cm2 mol−1

The molar limiting conductivity of the ion pair is substantially smaller than the sum of
its free ions:

Λ0
𝑀𝑔𝐻𝐶𝑂+

3
< Λ0

Mg2+ +Λ0
HCO –

3
(5.8)

Consequently, the formation of the aqueous complex MgHCO +
3 reduces the incremental

increase in electrical conductivity (EC) per unit TA produced. With increasing pH, enhanced
ion pairing therefore leads to the observed flattening of the EC–TA relationship.

In contrast to the tested rock which was relatively rich in only olivine (see Table 5.2), rock-
s/substrates composed of multiple mineral phases may exhibit a stronger time-dependent
EC–TA relationship, reflecting the sequential dissolution of minerals with differing reaction
kinetics. In such systems, the initial EC–TA relationship is governed by the fastest-dissolving
phase and may shift as slower-reacting minerals begin to dominate solute release. Conse-
quently, periodic recalibration is likely required when applying EC-based TA estimates to
heterogeneous materials, because the different base cations contribute in unique ways to EC
(see Figure 5.8).
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Figure 5.9: Magnesium and carbonate speciation as a function of pH in a closed system. Calculations were
performed at fixed DIC = 10 mmol kg−1 and Mg = 5 mmol kg−1 using PHREEQC with the phreeqc.dat database.

5.4.2. CO2 removal assessment

The system employs a shower-like water application and does not maintain continuous
contact between mineral grains and a solution at constant pH, conditions that are commonly
used to maximize dissolution rates in laboratory experiments. Consequently, the setup is not
optimized for enhancing rock dissolution. Nevertheless, dissolution is sufficiently high to
generate TA and Mg concentrations spanning a wide range.

The currency of carbon dioxide removal is measured in tons of CO2. When extrapolated
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to a target of one metric ton of CO2, our results imply either an operational timescale of
4 702 d (≈ 13 yr) or use of 4 702 trock of rock at the same time. Independent of the operational
timescale and rock throughput, the current experimental alkalinity-based setup would require
approximately 831 t of demineralized water to achieve the removal of one metric ton of CO2.
Under these conditions, the current reactor configuration is not a practically viable approach
for large-scale CO2 removal.

Further optimization of the experimental setup is required to improve both reaction ef-
ficiency and resource use. While less frequent water discharge would reduce overall water
consumption, it would simultaneously increase solution pH and thereby suppress dissolution
rates. A more promising and technically straightforward modification is the implementation
of a slurry-based reactor configuration (Poetra et al., 2025), ensuring continuous rock–water
contact, in combination with elevated CO2 partial pressures and/or increased temperatures.

In the broader context of CDR, the alkalinity-based approach investigated in this study
differs from the dominant pathway described in the literature. Most studies focus on direct
carbonation of forsterite to form magnesite (Felmy et al., 2012; Giammar, Bruant, and Peters,
2005; Raza et al., 2018; Sanna et al., 2014; Scott et al., 2021). This pathway dramatically reduces
water requirements, as CO2 is sequestered in solid carbonate minerals rather than being
temporarily stored in the aqueous phase as carbonate alkalinity.

Overall, the results demonstrate that water demand must be carefully considered when
implementing an alkalinity-based CO2 removal strategy. Because as CO2 is stored in the
aqueous phase as dissolved carbonate alkalinity, sufficient water availability is a critical
boundary condition for the scalability and practical feasibility of such approaches.

5.5. Conclusion
Under controlled experimental conditions with constant CO2 partial pressure and solutions
maintained in equilibrium with the gas phase, temperature-corrected electrical conductivity
(EC) can serve as a robust proxy for total alkalinity (TA). For homogeneous materials, alkalinity
and dissolved cations are released in a constant stoichiometric ratio, resulting in a consistent
and predictable relationship between EC and TA. This enables the use of EC as a rapid,
indirect estimator of total alkalinity.

In contrast, rocks/substrates composed of multiple mineral phases may exhibit a time-
dependent EC–TA relationship, reflecting the sequential dissolution of minerals with dif-
fering reaction kinetics. In such systems, the initial EC–TA relationship is governed by the
fastest-dissolving phase and may shift as slower-reacting minerals begin to dominate solute
release. Consequently, periodic recalibration is likely required when applying EC-based TA
estimates to heterogeneous materials.

The direct application of the EC–TA relationship for MRV approaches in soil-based ERW
systems requires careful evaluation. Although a robust coupling between EC and TA was
observed in the pure olivine-rich rock system investigated here, natural soil environments are
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substantially more complex. The presence of additional dissolved ions, particularly non-TA
anions, will increase electrical conductivity without contributing to TA. Such inputs decouple
EC from TA and thereby reduce the reliability of EC-based alkalinity predictions in soil pore
waters.

In principle, this EC–TA decoupling could be addressed by correcting EC for the contribution
of non-alkalinity-bearing ions. However, this would require comprehensive chemical charac-
terization of the solution, ultimately diminishing the practical advantage of using EC as a
simple proxy compared to directly measuring TA.



6
Synthesis

This thesis examines the implications of using total alkalinity (TA) and electrical conductivity
(EC) to quantify carbon dioxide (CO2) removal in the context of enhanced rock weathering
(ERW). The analysis is based on chemical data derived from water samples collected in
three experimental systems: (i) soil water from a soil reaction experiment (chapter 2), (ii)
leachate water from a crushed rock substrate column experiment with organic matter and
biota additions (chapter 3 and chapter 4), and (iii) leachate water from a purely inorganic
rock-weathering reactor experiment (chapter 5).

Chapter 2: Soil reaction experiment
In the soil experiment, bulk soil electrical conductivity (ECb) and volumetric water content (𝜃)
were measured in a soil column. The response of ECb and 𝜃 to alkaline solution additions was
tested. The aim was to infer changes in soil solution composition from bulk soil measurements.
Four concentrations of NaHCO3 were applied to simulate increasing total alkalinity inputs (0
to 50 mmol L−1). In the two soils tested, a detectable increase in ECb appeared only at the
highest solution concentrations. The quartz sand substrate, in contrast, showed a clear ECb
signal across the tested range.

Subsequent extraction of the soil solution revealed that the soils buffered the alkaline
water input by releasing H+. For the tested brown earth soil, the input alkalinity was reduced
by approximately 50 %. The magnitude of this buffering effect can be predicted. It depends
on the initial soil pH, and the organic carbon and clay content (Curtin, Campbell, and Messer,
1996). These results demonstrate that initial non-carbonic acid soil acidity must be considered
in ERW experiments.

For an initial TA addition of 2 to 10 meq L−1, the TA measured in the soil extract was
reduced. However, electrical conductivity increased. This decoupling shows that alkalinity
can be neutralized while electrical conductivity continues to rise. The contribution of addi-
tional anions, such as nitrate (NO –

3 ), nitrite (NO –
2 ), chloride (Cl–), and sulfate (SO 2–

4 ), beyond
alkalinity therefore complicates the use of EC as a proxy for TA and associated CO2 removal
in soil systems.
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Chapter 3 and Chapter 4: Crushed-rock column experiment
The crushed-rock column experiment with organic matter and biota amendments demon-
strated that adding wheat straw to crushed rock resulted in substantial release of dissolved
organic carbon (DOC), which in turn affected the observed TA. Based on observed dissolved
inorganic carbon (DIC), pH, and temperature (𝑇), the carbonate alkalinity 𝐴C was modeled
with phreeqpython (Heinsbroek, 2021). This allowed us to calculate the non-carbonate
alkalinity (𝐴NC) as the difference between TA and 𝐴C. In the given dataset, a clear correlation
between DOC and 𝐴NC was observed, with an approximate ratio of 3.5 mol DOC per equiv-
alent of 𝐴NC within the tested system. This relationship suggests the formation of organic
alkalinity within the crushed-rock substrate, which was predominantly amended with wheat
straw. This highlights the need to measure DIC, pH, and temperature in addition to TA when
analyzing, especially organic-rich water samples.

In principle, the carbonate system could also be reconstructed from DIC, pH, and tem-
perature alone, provided a reasonable estimate of ionic strength is available. But for soil pore
water samples, it might be hard to measure DIC and pH. The same 𝐴C model was also applied
to water samples from mesocosms and estuaries to quantify the relative contribution of 𝐴NC
to TA. In the crushed rock experiment amended with organic matter, the median contribution
of 𝐴NC was approximately 5.5 %, with a positively skewed distribution extending toward
higher values. In contrast, 𝐴NC accounted for only about 1 % of TA in samples from the
Elbe River estuary. The relative importance of 𝐴NC thus decreases at larger spatial scales,
consistent with declining DOC concentrations. In basin-scale assessments of CO2 removal, the
influence of organic alkalinity becomes progressively less significant due to dilution effects
and the microbial conversion of organic alkalinity to carbonate alkalinity during downstream
transport.

Within the same experimental setup, to further explore the drivers of TA generation, a
complementary experiment was conducted to isolate the effects of selected fungi, bacteria,
and earthworms on rock dissolution rates. The addition of these biotic components alone did
not result in a statistically significant increase in total alkalinity (TA) production or cation
release compared to the abiotic control.
In contrast, the amendment of the crushed rock substrate with wheat straw resulted in a
significant increase in TA and cation concentrations. This finding indicates that the presence
of organic matter had a stronger influence on solute release than the inoculation with selected
biota.

The combination of rock feedstock and wheat straw complicates the interpretation of alkalinity
generation. Wheat straw can contain soluble organic salts that release cations upon dissolution
and contribute to non-carbonate (organic) alkalinity. The observed TA increase may have
come from (i) enhanced biological weathering mediated by microorganisms associated with
the straw, or (ii) direct dissolution of organic salts and other substances in the wheat straw.
Because the original experimental design focused on specific biota rather than the geochem-
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ical effects of the organic amendment, these mechanisms could not be accurately disentangled.

Thus, part of the TA increase may reflect mobilization of organic alkalinity rather than
inorganic mineral weathering. The dissolution of organic salts also affects both EC and TA,
but not in the same stoichiometric way as the rock dissolution. This decoupling complicates
how we interpret the EC–TA relationship and, by extension, the assessment of CO2 removal.

Chapter 5: Abiotic reactor ERW experiment
Because the biotic treatments did not produce a clear or consistent signal in the preliminary
experiments and further complicated quantifying CO2 removal, we designed a follow-up
experiment under strictly controlled abiotic conditions. In this setup, only pure crushed peri-
dotite rock substrate was used, and physical boundary conditions were carefully controlled.

The experiment was done in a closed reactor, maintained at 𝑝CO2 = 1 atm and 𝑇 = 25 ◦C, with
continuous water recirculation. Under these conditions, and with no organic amendments or
biological additions, a clear and reproducible relationship between total alkalinity (TA) and
electrical conductivity (EC) was observed. The relationship was best described by a quadratic
calibration function with a coefficient of determination of 𝑅2 = 0.999.
Feedstock-specific calibrations can also be made for other rock types. However, each system
needs an initial calibration phase, since the EC–TA relationship is controlled by both the
𝑝CO2 and the mineralogical composition of the feedstock.

For mineralogically heterogeneous materials, the EC–TA relationship may exhibit pro-
nounced temporal dependence. This behavior arises because individual minerals dissolve
at different rates (Lasaga et al., 1994), resulting not only in changing solute concentrations
but also in changes in the qualitative ionic composition of the leachate over time. Released
base cations differ in their molar ionic conductivities (Vanysek, 1993). So, changes in the ratio
of, for example, Mg2+, Ca2+, Na+, or K+ alter the electrical conductivity response per unit
alkalinity. Consequently, the EC–TA relationship can change over time.

Despite these complexities, once an appropriate calibration has been established, EC can
be used as a robust predictor of TA. This approach can be applied to systems in which
no additional ions unrelated to feedstock dissolution are released after calibration, as the
calibration captures the specific relationship between EC and TA generated by the feedstock.
Electrical conductivity measurements are highly precise, do not require sample acidification,
and can be performed continuously without disturbing the system. Consequently, EC
monitoring provides a cost-effective and non-invasive method for tracking TA production at
high temporal resolution.
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Concluding Remarks
This thesis advances the methodological framework for improving the assessment of CO2
removal in enhanced rock weathering (ERW) systems.
In soil-based ERW applications, using leachate electrical conductivity (EC) as a proxy for
total alkalinity (TA) is generally not recommended. Additional ions can increase EC without
contributing to TA, thereby introducing substantial uncertainty. In agricultural soils, crop
growth and associated plant–soil interactions can further alter solute release and uptake. This
further complicates the EC–TA relationship in soil leachate.

Moreover, the inorganic CO2 removal can only be reliably inferred from changes in TA
if these changes correspond to equal changes in carbonate alkalinity (𝐴C). Relying solely on
TA can be insufficient in organic-rich systems, where non-carbonate alkalinity (𝐴NC) may
significantly contribute to the measured TA signal. In such systems, a robust assessment of
aquatic CO2 removal would require the simultaneous measurement of TA, dissolved inorganic
carbon (DIC), pH, and temperature (𝑇) within the leachate water sample. This combined
approach fully determines the carbonate system and enables the quantification of 𝐴C, TA,
and contributions from 𝐴NC sources and is therefore suggested to quantify the CO2 removal
precisely.

In contrast to cropland ERW deployments, in controlled reactor-based ERW applications,
EC can serve as a reliable proxy for TA after thorough feedstock characterization and an
initial calibration phase. In such systems, EC offers a non-invasive, cost-effective method for
continuously tracking alkalinity production at high temporal resolution.

Overall, this thesis strengthens the scientific basis for quantifying CO2 removal in ERW
deployments by identifying methodological limitations and providing guidance on key
factors to consider for reliable monitoring, reporting, and verification (MRV).
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Appendix for Chapter 2

A.1. Used reagent NaHCO3
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B
Appendix for Chapter 3

B.1. Total alkalinity determination
The total alkalinity/titrated alkalinity (TA) was measured via a potentiometric titration with
4 endpoints pH = [4.5, 4.3, 4.0, 3.7]. The equivalence point was calculated using a linear
regression, including those four points (x = acid volume, y = Gran value). The automated
titration was done with the Tiamo 3.0 software following (Koenig, 2005). The basic underlying
equations are explained below. In this text, it is called TA measured, because there are
different procedures to do so, and so different results when dealing with a lot of non-carbonate
species in water samples that also buffer the added acid.

The Gran value (G) is calculated with the following equation:

𝐺𝑖 = H+
𝑖 = 10−pH𝑖 · (𝑉0 +𝑉𝑖) (B.1)

𝑉0 = sample volume
𝑉𝑖 = added acid volume to a given endpoint
pHi = pH endpoints ∈ {4.5; 4.3; 4.0; 3.7}

To get the equivalence point, a linear regression of the (𝑥 = 𝑉𝑖) and (𝑦 = 𝐺𝑖) data is
performed. The regression line G(x) has slope m and intercept b.

TAmeasured =
𝑏

𝑚
· 𝑐𝑎 · 𝑛H+ (B.2)

𝑐𝑎 = concentration/molality of the used acid
𝑛H+ = deprotonation number of the strong acid used for the titration (for HCl: 𝑛H+ = 1)
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Figure B.1: Bjerrum plot showing the contribution of carbonate species to total DIC (closed system
DIC = 0.001 mol kg−1) for freshwater. 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).

B.2. Dissolved organic and inorganic carbon determination
The DIC and DOC are measured with the FORMACS™ HT TOC analyzer extended with
the PRIMACS™ MCS module which consists of two integrated reactors for both TC and TIC
analysis without any sample preparation. The Total carbon content (TC) is determined by
catalytic oxidation of the sample at 1 100 ◦C, which converts all carbon to CO2. The DIC is
determined by acidification of the sample in a separate reactor, which converts inorganic
carbon (IC) to CO2. The PRIMACS™ MCS uses the NDIR detector of the FORMACS™series
for the detection of CO2. The PRIMACS™ MCS analyses TC, TIC and TOC. The software
calculates the DOC concentration of the samples by subtraction (DOC = TC − DIC).

B.3. Carbonate alkalinity models comparison
The simple model uses (𝑇, pH, DIC) to calculate the carbonate alkalinity AC. Whereas the
comprehensive model uses (cations, anions, 𝑇, pH, DIC) to calculate the carbonate alkalinity
AC.

𝐴𝐶 = [HCO –
3 ] + 2 · [CO 2–

3 ] (B.3)

We have calculated the following error metrics to assess the performance of the simplified
model (y) over the comprehensive model (x): Root Mean Squared Error (RMSE), Mean
Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), and R2 (Rsquared) the
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coefficient of determination. The error metrics have been calculated with sklearn.metrics —
scikit-learn 1.6.1 documentation.

In the lower end of AC from 0 to 6 meq kgw−1 the models do match very well. Just in
the upper end, there is more deviation.
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Figure B.2: Carbonate alkalinity model (AC) comparison. On the x-axis the comprehensive model with cations
and anions is shown and, on the y-axis, the simplified model just using dissolved inorganic carbon (DIC), pH and

Temperature.



B.4. Charge balance determination 114

B.4. Charge balance determination
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Figure B.3: The dissolved organic carbon (DOC) concentration against the absolute charge balance
(positive–negative charge).
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B.5. Irrigation rate impact
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Figure B.4: The relationship between dissolved organic carbon (DOC) concentration and non-carbonate alkalinity
(ΔTA) in the leachate water. The color represents the different irrigation rates used to water the microcosms.

Analyzing the total dissolved organic carbon amount, calculated as the product of volume
and concentration, instead of focusing solely on the DOC concentration, can rule out the
influence of dilution. Figure B.5 illustrates the relationship between the total leached DOC
amount and the mass of the leachate for the different irrigation categories.
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Figure B.5: Relationship between dissolved organic carbon (DOC) amount and the total mass of leachate in
microcosms containing wheat straw. The color represents different irrigation rates used in the microcosms.

B.6. Organic-rich soil
The soil used in this experiment was collected from an agricultural plot in Bramstedt, northern
Germany (53.353 3◦ N, 8.694 8◦ E). It is abundant in organic matter and is classified as a Dystric
Histosol according to the WRB system, with a total organic carbon (TOC) content of 7.2 %.
The rock amendment used in this experiment was a product called Eifelgold, manufactured
by Lava Union GmbH (https://www.rpbl.de). The chemical composition of the soil and
basanite is shown in Table B.1.

https://www.rpbl.de
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Table B.1: The XRF (X-ray fluorescence) results for soil and basanite used in this study, in wt%. (a) The soil
originates from an agricultural plot in Northern Germany, an organic-rich soil. (b) The rock material is classified

as basanite and was mined in Eifel, Germany

Element Initial Bramstedt Soil (a) Initial Basanite (b)
mass percent (%) mass percent (%)

SiO2 81.79 43.49
Al2O3 2.8 14.32
Fe2O3 0.68 11.1
MnO 0.02 0.18
MgO 0.12 9.05
CaO 0.36 11.52
Na2O 0.35 2.98
K2O 0.92 3.37
TiO2 0.33 2.69
P2O5 0.17 0.51
SO3 0.02
LOI 12.12

Sum 99.68 99.21

B.7. Brown earth soil
The soil used in the experiments was obtained from Fürth, Bavaria, Germany (53.353 3◦ N,
8.694 8◦ E). It is a clay-rich soil, containing 7.5 % 2:1 layer silicates, 0.8 % chlorite as determined
by XRD, and a total organic carbon (TOC) content of 1.4 %. SiO2 is the most abundant
component, accounting for 82.16 % of the total. Most of its cations were lost. Na2O, K2O, CaO,
and MgO account for only 0.43 %, 3.8 %, 0.44 %, and 0.44 % of the total, respectively. The
elemental ratios are Mg/Ti = 3.6, Na/Ti = 4.6, Ca/Ti = 2.6, and K/Ti = 26.9. Furthermore, the
average grain size of this soil is 42 µm, with a 𝑑90 of 128.4 µm.
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Table B.2: The XRF (X-ray fluorescence) results for soil, basanite, and gabbro and basanite used in this study, in
wt%. (a) The XRF results. (a) Fürth soil, in Bayern, Germany. (b) Basanite, from Eifelgold. (c) Gabbro, from

DACCUS project.

Element Initial soil Basanite Gabbro
mass percent (%) mass percent (%) mass percent (%)

SiO2 82.16 44.02 52.63
Al2O3 7.34 14.07 7.64
Fe2O3 1.38 11.32 12.38
MnO 0.11 0.18 0.19
MgO 0.44 8.33 11.3
CaO 0.44 11.7 11.17
Na2O 0.43 3.29 1.38
K2O 3.8 3.3 0.87
TiO2 0.24 2.77 0.94
P2O5 0.19 0.62 0.06
SO3 0.01 bdl 0.03
LOI 3.98 0.47 0.58

Sum 100.52 100.07 99.17

B.8. Experimental setup for both soils
The column experiment at ambient 𝑝CO2 (Figure B.6) started in September 2021 and ran
for 294 d. Acrylic cylinders were used, with an inner diameter of 5.5 cm and a length of
25 cm. A nylon cloth with a mesh size of 20 µm was attached at the bottom of the columns to
prevent solid particles from entering the sample bottles. The columns were filled to a height
of approximately 20 cm with a mixture of soil and 9.5 g, 23.8 g, and 95.0 g of basanite powder,
corresponding to application doses of 40, 100, and 400 t ha−1, respectively. The total mass of
each column was approximately 595 g. Room temperature was maintained at around 23 ◦C.
Milli-Q water was added to the columns using a 5 mL pipette (Eppendorf) on weekdays at
rates of 3.64, 7.28, 10.92, and 14.56 mL d−1, representing four precipitation regimes of 400,
800, 1200, and 1 600 mm yr−1. Each setup comprised two replicates. Leachate samples were
collected every two weeks.
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Figure B.6: Schematic of a column under ambient conditions, edited from (Amann and Hartmann, 2022).
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B.9. Rock powder pictures

Figure B.7: Basalt (referred to as Basaltgestein by the supplier Rheinische Provinzial-Basalt- und Lavawerke
(RPBL), Germany). The coarse grain size 1 to 2 mm is shown here.
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Figure B.8: Basanite/Tephrite (referred to as Lavagestein by the supplier Rheinische Provinzial-Basalt- und
Lavawerke (RPBL), Germany)
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Figure B.9: Dunite (called Olivine by the supplier Sibelco, Norway)
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Figure B.10: Diabase (reffered to as Diabas Urgesteinsmehl by the supplier Schicker Mineral, Germany).
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Figure B.11: The Total alkali-silica (TAS) diagram with the two used volcanic rocks. The standard deviation in
SiO2 and Na2O+K2O is indicated by the error bars. The XRF data were first normalized with the loss of ignition
(LOI) and then plotted. This plot was generated with pyrolite (Williams et al., 2020). For the names of all types,

see Figure B.12.
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Figure B.12: TAS diagram defining the names of 15 different types of volcanic rocks. The names tephrite or
basanite are two alternative names for the same type of rock (Olea, 2022).
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C
Appendix for Chapter 4

C.1. Tephrite rock substrate

Figure C.1: Tephrite crushed rock substrate (0 to 2 mm) composed of mixed grain sizes, including both coarse
grains and fine material.
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The grain size is very heterogeneous (see Figure C.1). A lot of rock particles bigger than 2 mm
are visible. Those can’t be detected by the grain size analysis, which has the cutoff at 3.5 mm.
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Figure C.2: Grain size distribution (GSD) for the used rock substrate.

C.2. Experimental setup

Table C.1: Experimental combinations of increasing complexity, ranging from a groundwater-only control to
treatments including rock, wheat straw, and biotic additions (earthworms, fungi, and bacteria).

Combination Groundwater
irrigation
[mL d−1]

Crushed
Rock [g]

Wheat
straw [g]

Earthworm
[number]

Fungi
[cells]

Bacteria
[cells]

1 (emp-
ty/blank)

50

2 50 400
3 50 400 10
4 50 400 10 4
5 50 400 10 108

6 50 400 10 1010

7 50 400 10 4 108

8 50 400 10 4 1010

9 50 400 10 108 1010

10 50 400 10 4 108 1010
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C.3. Tukey-Kramer test
There are important considerations when using the Tukey-Kramer test, including the fact
that the threshold for statistical significance becomes more stringent as the number of group
comparisons increases. This is explained in greater detail here. The 𝐻0 hypothesis is that
both group means are equal. By definition, it is a two-sided test.

𝐻0 : 𝑥̄𝑖 = 𝑥̄ 𝑗

𝐻1 : 𝑥̄𝑖 ≠ 𝑥̄ 𝑗

This test is a multiple-comparison procedure for comparing the means of all pairs of groups.
It makes pairwise comparisons between all groups of observations. The equations are taken
from with some variable names being renamed (Montgomery, 2013).

𝑓 =

𝑘∑
𝑖=1

𝑛𝑖 − 𝑘 (C.1)

In our case, often the groups mostly have unequal sample sizes. This leads to the Honestly
Significant Difference (HSD) being calculated in the following way:

𝐻𝑆𝐷 =
𝑞𝛼(𝑘, 𝑓 )√

2
·
√
𝑀𝑆𝐸 ·

(
1
𝑛𝑖

+ 1
𝑛 𝑗

)
. (C.2)

With the mean squares 𝑀𝑆𝐸 being calculated in the following way:

𝑀𝑆𝐸 =
1

𝑁 − 𝑘

𝑘∑
𝑖=1

𝑛𝑖∑
𝑗=1

(
𝑥𝑖 𝑗 − 𝑥 𝑖

)2
. (C.3)

It is important to note that the threshold for rejecting the null hypothesis becomes more
stringent as the number of groups being compared increases. This means that a result deemed
significant in a smaller comparison may no longer be considered significant when more
groups are included. The critical value, 𝑞, from the studentized range distribution, depends
on the total number of groups (𝑘) and the degrees of freedom ( 𝑓 ), which are influenced by
the number of observations per group (see Figure C.3).
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Figure C.3: Effect of Number of Groups (𝑘) and Degrees of Freedom ( 𝑓 ) on the critical value 𝑞 for 𝛼 = 0.05.

A difference between two groups is considered significant if the absolute value of the difference
of their means exceeds the HSD:

|𝑥̄𝑖 − 𝑥̄ 𝑗| > HSD

Another important point to note is that the boxplots display median values and mark specific
data points as outliers. In contrast, the Tukey-Kramer test is based on comparing group
means, calculated from all observations within each group.

C.4. Factorial linear model results

Table C.2: Coefficients of the ordinary least squares (OLS) regression model with total alkalinity equivalents (TA
meq) as the dependent variable. The model includes the main effects and interaction terms of earthworms, fungi,

and bacteria.

Coef. Std.Err. t P>|t| [0.025 0.975]

Intercept 6.539 0.353 18.501 10−27 5.833 7.244
Earthworms −0.022 0.487 −0.045 0.964 −0.995 0.951
Fungi 0.496 0.5 0.993 0.324 −0.502 1.494
Bacteria 0.224 0.515 0.435 0.665 −0.804 1.253
Earthworms × Fungi −0.625 0.698 −0.895 0.374 −2.018 0.769
Earthworms × Bacteria 0.407 0.709 0.574 0.568 −1.009 1.822
Fungi × Bacteria −0.709 0.709 −1.001 0.321 −2.125 0.706
Earthworms × Fungi × Bacteria 0.898 0.989 0.908 0.367 −1.076 2.871
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C.5. Leachate water analysis
The following section includes additional plots that were not shown in the main text but
provide further context and may be informative to interested readers.

C.5.1. Charge balance error (CBE)

The charge balance error shows the measurement precision. Almost all samples are far
below the typically accepted ±5 %. The calculation of the charge balance error is given in
Equation C.4. The cations included were Na+, K+, Ca2+, and Mg2+, while the anions considered
were Cl– and SO 2–

4 .

CBE [%] =
∑

cations − (∑ anions + 𝑇𝐴measured)∑
cations + (∑ anions + 𝑇𝐴measured)

· 100 (C.4)
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Figure C.4: Charge balance error (CBE) calculated for the leachate water samples. Abbreviations used in the
legend: R = rock, S = straw, W = worms, B = bacteria, F = fungi. Different letters indicate statistically distinct

groups (ANOVA with Tukey post-hoc).
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C.5.2. Molar ratio
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Figure C.5: Molar ratio of K and Ca observed in the leachate water. Abbreviations used in the legend: R = rock,
S = straw, W = worms, B = bacteria, F = fungi. Different letters indicate statistically distinct groups (ANOVA with

Tukey post-hoc).
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C.6. Microbial community in wheat straw

Figure C.6: Relative abundance of eukaryotes in the wheat straw.
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Figure C.7: Relative abundance of prokaryotes in the wheat straw.
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D
Appendix for Chapter 5

Figure D.1: Peridotite rock powder used in the experiment, with grain sizes of approximately 1 mm.
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Figure D.2: Charge balance error (CBE) of the data calculated with Equation 5.4.
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D.1. Calibration for Mg
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Figure D.3: Mg–EC calibration
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Figure D.4: Mg–EC calibration

D.2. Apparent dissolution rate
To compare the experimentally derived weathering rates with literature values for the same
mineral phase, we additionally calculated a dissolution rate for the applied rock material.
Because the substrate represents a heterogeneous mixture of different minerals, no single
stoichiometric reaction can strictly describe its bulk dissolution. Consequently, a unique
compound-specific dissolution rate cannot be derived for the entire rock matrix.

To ensure comparability with published kinetic data, we therefore express the dissolu-
tion rate with respect to the most abundant mineral phase in the substrate. As mineralogical
analyses indicate that the material is predominantly composed of forsterite, the dissolution
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rate is calculated using the stoichiometric coefficients of forsterite dissolution (Equation 5.3).
Dissolution of one mol of Mg2SiO4 releases two mol of Mg2+ and produces four equivalents
of TA.

Alternatively, the dissolution rate can be expressed only as TA or base cation release rate. But
these are not common in geochemical literature.

Mg2SiO4(s) + 4 CO2(g) + 2 H2O 2 Mg2+ + 4 HCO –
3 + H4SiO4(aq). (D.1)

𝑟𝑖 =
TA𝑖 · 𝑚water,𝑖

4 · 𝑚rock · 𝐴BET,𝑖 · (𝑡𝑖 − 𝑡𝑖−1)
(D.2)

𝑟𝑖 =
Mg2+

𝑖 · 𝑚water,𝑖

2 · 𝑚rock · 𝐴BET,𝑖 · (𝑡𝑖 − 𝑡𝑖−1)
(D.3)

The surface area of the rock (𝐴𝐵𝐸𝑇,𝑖) was tested with Brunauer–Emmett–Teller (BET) method
(Naderi, 2015). BET samples were taken five times during the experiment, with each 3
replicates from the substrate.
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Figure D.5: The specific surface area of the rock was determined using the Brunauer–Emmett–Teller (BET)
method . Each BET analysis was performed in triplicate. For the dissolution rate calculations, the BET surface

area was treated as a stepwise time-dependent parameter. Upon each new BET measurement, the updated
surface area value was applied to all subsequent time steps.

Based on Equation D.2 and Equation D.3, the dissolution rate was calculated using EC-
predicted TA and Mg concentrations.
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Figure D.6: Dissolution rate for forsterite (Mg2SiO4) calculated based on the released total alkalinity (TA) and Mg.
The surface arrea for the rock was tested with Brunauer–Emmett–Teller (BET) method .

The pH of the reactor leachate ranged from 5.36 to 6.67, with an average value of 6.00 (see
Figure 5.2). The dissolution of forsterite dependent on pH and 𝑇 was described by Rimstidt,
Brantley, and Olsen (2012). See the equation Equation D.4.

log10 𝑟geo = 4.07 − 0.256 pH − 3465
𝑇

(D.4)

Using the dissolution rate expression Equation D.4 and the average reactor water temperature
(25 ◦C) and pH (6.00) conditions of our experiment, a dissolution rate of 8.17 ·10−10 mol m−2 s−1

is predicted. In contrast, based on the final five flushes and calculated from Mg2+ (or TA)
release, the experimentally derived dissolution rate in our setup was 4.1 · 10−12 mol m−2 s−1.
This corresponds to a difference of slightly more than two orders.

The discrepancy likely arises from differences in reactor configuration. In our system,
water is not in continuous contact with the rock substrate but is applied intermittently in a
shower-like manner. Such limited fluid–rock interaction reduces effective reaction time and
therefore lowers apparent weathering rates. To enhance dissolution kinetics, operation under
slurry-like conditions, where the rock material remains in constant contact with the aqueous
phase, would be preferable.
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