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Abstract

Soil inorganic carbon (SIC) constitutes a major component of the terrestrial carbon pool,
particularly in dryland environments where pedogenic carbonates dominate long-term carbon

sequestration. Despite its diverse environmental and ecological importance, SIC remains
largely underrepresented in global carbon budgets, a deficit compounded by a lack of research
into its formation dynamics and role as a proxy for paleoenvironmental and climatic evolution.
This thesis addresses the prominent theoretical and methodological gaps through a progressive,
multi-scale investigation of SIC in the semi-arid landscapes of Botswana. Using pedological
and sedimentological approaches, the study characterised SIC formation pathways across
major landscape units by integrating morphological examinations, mineralogical analyses,
major and trace element geochemistry, and stable isotopes (§'°C, 5'0). The findings highlight
a regional dominance of pedogenic carbonate accumulation, driven by the mobilisation of
calcium ions within distinct hydrological and geological settings. In the Kalahari Basin, this
process is driven by felsic rock weathering and local fluviolacustrine reworking of lithogenic
materials. Two mechanisms operate simultaneously. Mobilised calcium may originate from the
in-situ dissolution of pre-existing carbonates or from the upward movement of calcium-
enriched soil solutions through evapotranspiration. While on the Eastern Hardveld, calcium is
primarily supplied by the weathering of silicate-rich basaltic rocks. The results highlight an in-
situ mobilisation mechanism linked to the weathering of basaltic rock fragments reworked into
the soils, in addition to upward movement. Stable isotope of carbon (5'*C) and oxygen (5'30)
signatures in carbonates indicate persistent semi-arid conditions and C3-C4 mixed vegetation.
Furthermore, REE fractionation patterns and negative cerium anomalies provide robust,
independent constraints for distinguishing pedogenic from lithogenic signatures, overcoming
limitations of major-element-based interpretations. Collectively, these results advance the

geochemical understanding of SIC formation in underrepresented regions and provide a
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transferable methodological framework for investigating soil carbon dynamics. This work
reduces critical uncertainties in the global carbon budget and establishes a transferable

framework for tracing SIC formation across semi-arid environments.
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CHAPTER ONE

General Introduction

1.1. Global Context: Climate Change and Carbon Neutrality

Anthropogenic climate change, driven by rising greenhouse gas (GHG) concentrations, is a
central challenge for both Earth system stability and socioeconomic resilience (Dumortier et
al., 2021; Lathouwers et al., 2025; Martinez and Iglesias, 2021; Martins et al., 2024).
Furthermore, the impacts highlight the inequalities between developed and developing
countries, with the latter being more severely affected (Adom, 2024; Malik et al., 2026; Wu et
al., 2026). Reducing atmospheric CO; emissions has therefore become a critical global priority
(Calvin et al., 2023).

A central international objective is to limit global warming to 1.5 °C. Achieving this target
requires a reduction in total GHGs of around 45% by 2030, compared with 2010 levels. This
is an essential step towards achieving the target of “carbon neutrality” by 2050, which involves
ensuring that all remaining human-caused emissions are fully offset by carbon sequestration
(Masson-Delmotte et al., 2019). The commitments of the Paris Agreement have led to
significant progress in the development of renewable energy technologies (UNFCCC, 2025).
They have also encouraged the emergence of carbon dioxide removal (CDR) technologies such
as enhanced rock weathering (ERW) (Beerling et al., 2020).

It is, however, necessary to make an exhaustive inventory of natural carbon sinks and storage
pathways, without which it is difficult to develop conservation or management policies (Fan
and Wei, 2022; van der Ploeg and Haigh, 2024). The terrestrial subsurface is an essential, albeit
not yet fully quantified, component of the global carbon cycle. According to the 2024 Global
Carbon Budget (Friedlingstein et al., 2025), while soils store significantly more carbon than

the atmosphere and biomass combined, uncertainties associated with biospheric fluxes



significantly contribute to the imbalance in the global carbon budget. Nevertheless, the
importance of this carbon reservoir is confirmed by its absorption capacity: the terrestrial sink

sequestered around 30% of CO> emissions between 2014 and 2023 (Friedlingstein et al., 2025).

1.2. The Terrestrial Carbon Cycle and the '""Missing" Sink

Soil carbon exists in two forms: organic, which results from the decomposition of organic
matter, and inorganic, which is associated with carbonate minerals. The former is known as
soil organic carbon (SOC), while the latter is known as soil inorganic carbon (SIC). However,
their sequestration potentials are not equally considered. While tremendous efforts are being
made to raise awareness, preserve and enhance SOC across various land-use systems (Koutika
et al., 2025), SIC is largely overlooked (Sharififar et al., 2023). Though, SIC accounts for a
significant proportion of soil carbon in dry environments, which cover over 40% of the Earth’s
land surface (Naorem et al., 2022). SIC is even considered a long-term carbon sink, surviving
through geological timescales and constituting palacoenvironmental and palaeoclimatic
archives capable of surviving potential diagenetic reworking (Breecker et al., 2025; Ning et al.,

2025).

1.3. Regional Focus: The African Drylands

Despite its relevance, SIC remains critically understudied in Africa, where there are very few
research initiatives (Raza et al., 2024). It remains largely absent from continental climate and
land management frameworks (African Union, 2015). Yet nearly 35% of the continent is made
up of arid and semi-arid environments (Naorem et al., 2022). Including dry sub-humid areas,
drylands account for nearly 70% of the African continent (Cherlet et al., 2018). This suggests
that soil carbon potential is significantly underestimated in continental budgets. At the same
time, SIC resources may be vulnerable to degradation (decarbonisation) under current land-use

systems due to the absence of targeted conservation measures (Ferdush and Paul, 2021).



Conversely, a thorough investigation of resources, potential, and formation processes would
pave the way for SIC consideration in various land uses, particularly in agroecosystems and in
the conservation and restoration of natural areas. Furthermore, the study of pedogenic
carbonates (SIC resulting from pedogenesis) provides a reliable indicator for reconstructing
palaeoenvironmental and palaeoclimatic changes in this region (Zamanian et al., 2016). This
is of particular importance given the paucity of terrestrial archives capable of recording long-
term environmental changes in African soils on a geological timescale (Levin et al., 2011).

Botswana serves as a quintessential example of a dryland region in Africa. The entire country
experiences a semi-arid climate, with mean annual precipitation varying from 312 mm in the
southwestern part to 574 mm in the northeastern region (Batisani and Yarnal, 2010). Numerous
studies emphasize the prevalence of carbonates in the landscape (Diaz et al., 2019; Mccarthy
et al., 1991; White and Eckardt, 2006). However, their capacity to sequester atmospheric
carbon or to indicate past environmental and climatic changes in the area is seldom discussed.
Yet, the geological landscape, marked by the existence of Stormberg basaltic lavas (Bordy,
2020; Smith, 1984), positions it as a natural laboratory, suggesting a significant potential for
atmospheric CO> sequestration through weathering processes. Additionally, there is evidence

that carbonates have developed within palaeosols (Eze, 2022; Franchi et al., 2021).

1.4. Problem Statement and Research Gaps

Despite its importance, several key limitations hinder the integration of SIC into global carbon
strategies. First, there is a lack of comprehensive synthesis, with research trends and analytical
limitations remaining poorly constrained. Second, mechanistic understanding of calcium
sources and the distinction between lithogenic and pedogenic carbonates remains limited,
particularly in complex geological settings. Third, the scarcity of spatiotemporal datasets in
Africa restricts robust palacoenvironmental reconstructions. It is essential to address these gaps

not only for accurate carbon accounting, but also to develop informed conservation policies in
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arid regions. Addressing these challenges requires an integrated geochemical and isotopic
framework capable of constraining SIC sources, formation mechanisms, and environmental

significance.

1.5. Research Objectives
The main objectives of this thesis are to:

- Characterise and quantify the spatial distribution and geochemical properties of SIC in
the semi-arid landscapes of Botswana.

- Identify the main sources of calcium and reconstruct its mobilisation pathways through
the combined use of geochemical tracers.

- Distinguish between pedogenic and sedimentary controls on carbonate accumulation to
differentiate between in situ formation processes and lithogenic legacy.

- Reconstruct high-resolution palacoenvironmental and palaeoclimatic conditions by
interpreting the stable isotope signatures (§'°C and §'®0) preserved in the carbonate

record.

1.6. Methodology

This study adopts an integrated multi-proxy methodological framework combining field-based
pedological investigations, mineralogical and geochemical analyses, and stable isotope
geochemistry to investigate SIC dynamics. The framework is structured around four
complementary methodological components aligned with the research objectives.

To characterise and quantify the spatial distribution of SIC, twelve representative soil profiles
were collected across contrasting geomorphological and lithological environments, following
a sampling design aligned with the Botswana Kalahari Transect, known to reflect the country's
rainfall and vegetation gradients (Mphale et al., 2014; Ringrose et al., 2003). Given the size
and environmental heterogeneity of Botswana, this sampling does not capture the full national
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variability of SIC accumulation processes but provides a first insight into these processes at a
large scale. Following analysis of the twelve profiles, two prominent landscapes were selected
for detailed investigation, as they presented the first evidence of contrasting carbonate
formation processes: a quarry in Parakarungu, in the northern part of the country, developed
on fluvio-lacustrine sediments of the Kalahari Group; and a pedosedimentary landscape in
Serowe, in the central part, developed on sandstone and basaltic lava of the Karoo Supergroup.
Field investigations involved soil profile description and horizon differentiation following the
FAO Guidelines for Soil Description (2006). Carbonate features including diffuse powder,
nodules, and pseudomycelia were identified to determine stages of carbonate development
according to Gile (1993). SIC contents were quantified as CaCO; equivalents using an
Eijkelkamp calcimeter, while mineralogical composition was determined through X-ray
diffraction (XRD).

To identify the principal sources of calcium and reconstruct its mobilisation pathways, the
study adopted an integrated approach combining mineralogical and morphological
characterisation with elemental geochemistry. Emphasis was placed on the robust chemical
weathering index (Cho and Ohta, 2022), which enables the identification of mafic versus felsic
source materials in environment characterised by secondary accumulations. Other geochemical
indices such Mg/Ca, Sr/Ca were also used to refines the interpretations. Mineralogical analyses
and micromorphological observations were further used to evaluate carbonate redistribution
and mobilisation processes within the soil system.

The distinction between pedogenic and sedimentary carbonate accumulation was established
using a progressive and integrated approach combining field observations, geochemical
indicators, and REE fingerprint analysis. Initial differentiation relied on REE signatures to
identify regions dominated by pedogenic carbonate accumulation from those dominated by

lithogenic carbonates. This approach was subsequently supported by weathering indices and



elemental mobility proxies to assess the intensity of pedogenic weathering. The REE-based
method was further refined by focusing on the signature of carbonate features rather than bulk
soil horizons, where calcification-related REE signals may be obscured by other pedogenic
processes.

Palacoenvironmental reconstruction was conducted using stable isotope analyses of pedogenic
carbonates. Carbon (8'°C) and oxygen (5'%0) isotope compositions were used to infer
vegetation dynamics, hydrological conditions, and palacoclimatic variability. These isotopic
proxies were coupled with Mn/Fe ratios to assess redox fluctuations and palaeohydrological
conditions during carbonate formation. In addition, rare earth element (REE) signatures
provided complementary information on environmental conditions and weathering dynamics

associated with carbonate formation.

1.7. Structure of the Thesis

The work is structured around nine chapters, including this general introduction.

Chapter 2 presents a comprehensive review of global research on inorganic soil carbon. It
analyses analytical techniques and ecosystem functions and identifies critical knowledge gaps
that form the basis of this thesis.

Chapter 3 investigates the use of rare earth elements (REEs) as tracers to identify carbonate
sources in soils of the Kalahari Basin, examining the influence of parent materials on pedogenic
processes.

Chapter 4 investigates the use of a multi-proxy approach, including mineralogy, weathering
indices and Ca/Sr ratios, to reconstruct depositional environments and sediment provenance in
northern Botswana.

Chapter 5 examines the interaction between fluvial sedimentation and pedogenesis. It
demonstrates how geochemical indices can be used to distinguish sedimentary controls from

secondary calcification processes.



Chapter 6 examines basalt weathering as a primary source of calcium and its role in driving
pedogenic carbonate formation within the riverine landscapes of central Botswana.

Chapter 7 discusses the use of stable carbon (8'3C) and oxygen (5'%0) isotopes to decouple
climatic signals from local hydrology, thereby offering new insights into past climate stability
in Botswana.

Chapter 8 explores the use of REE signatures as high-resolution indicators to distinguish the
formation mechanisms of pedogenic carbonates from lithogenic carbonates in the landscapes
of the Eastern Hardveld.

Finally, Chapter 9 summarises the thesis’s main findings, discusses their implications for the
African carbon budget, and proposes recommendations for integrating SIC into land

management and climate mitigation policies.
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CHAPTER TWO

Soil Inorganic Carbon: A Review of Global Research Trends, Analytical Techniques,

Ecosystem Functions and Critical Knowledge Gaps!

Abstract

Soil inorganic carbon (SIC) is a crucial component of the global carbon cycle, especially in
drylands, and it plays critical roles in ecosystem functioning. The last two decades have
witnessed a global surge in SIC research. As a result, the analytical methods have become many
and research themes, broader. This can create confusion for researchers in identifying
contemporary SIC research hotspots and the choice of suitable analytical techniques. In this
review, a bibliometric analysis spanning the last twenty years (2003-2022) was used to provide
insight into global research trends, analytical techniques, ecosystem functions, and research
gaps in SIC research. Five research hotspots were identified: formation processes and
morphological characterization of SIC, quantitative measurement of SIC, storage and SIC
dynamics, modelling and mapping of SIC stock, and the environmental and ecosystem
implications of SIC including ecosystem management, past environment and climate
reconstruction, geochronology, and archaeology. The characterisation of SICs requires the use
of a range of complementary methods, but the choice must be made according to the objectives
pursued, financial resources, and technical and environmental advantages. For quantitative
measurements, dry combustion seems to give good results in terms of accuracy; however, it is
less environmentally friendly, more expensive, and slower than spectroscopic methods, which

are suitable for large-scale studies. This study has highlighted the need for further research

! This chapter is based on a paper co-authored with Thierry Bineli Betsi and Peter N. Eze; published

in Catena, 242 (2024), 108112. https://doi.org/10.1016/j.catena.2024.108112
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into the role of SIC as a key soil property influencing ecosystem services. It also calls for more
in-depth analysis of the long-term effects of land management regimes on SIC dynamics. This
review provides reference topics for an in-depth study of SICs to improve understanding of

their role in the global carbon cycle and ecosystem services.

Keywords: Drylands; Soil organic carbon; Geochronology; Palacosol carbonates; Land use

change.
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2.1. Introduction

After geological and oceanic pools, soil is the third largest pool of carbon on Earth (Shi et al.,
2017). Soil carbon can be in the form of either soil organic carbon (SOC) or soil inorganic
carbon (SIC) (Lal et al., 2015). For many years, SIC was overlooked as a potential factor
influencing atmospheric carbon dioxide levels. Its role in sequestering atmospheric carbon
dioxide was long thought to be negligible (Lal, 2009). This is because SIC is considered to be
the result of a slow and gradual accumulation over geological time largely controlled by abiotic
processes (Gile et al., 1966; Machette, 1985) and is therefore difficult to promote carbon
sequestration in soils.

More recently, however, SIC has gained considerable interest, notably as an important potential
solution for soil carbon storage (Verrecchia et al., 2006; Sanderman, 2012; Bughio et al., 2016;
Gao et al., 2017; Assadi Langroudi et al., 2021). In dry regions (hyper-arid, arid, semi-arid and
semi-humid), a great deal of research has been carried out on the subject (Raheb et al., 2016;
An et al., 2019; Carmi et al., 2019). In these environments, SIC is considered to be the most
important form of soil carbon (Diaz-Hernandez et al., 2003a; Wang et al., 2015). But its
potential to sequester carbon dioxide is also being investigated in temperate and glacial
climates (Becze-Deak et al., 1997; Kovda et al., 2014a; Szendrei et al., 2012), and even tropical
regions with the oxalate carbonate pathway (Mujinya et al., 2011; Cailleau et al., 2011; Bravo
et al., 2015; Hervé et al., 2018; Rowley et al., 2017).

The burgeoning global interest in SIC stems from its contribution to atmospheric carbon
dioxide (Raza et al., 2021; Song et al., 2022), due to poor land management (An et al., 2019;
Ayala-Nifio et al., 2020; Wilsey et al., 2020) and agricultural practices (Shaoxuan et al., 2016;
Bulysheva et al., 2020; Lu et al., 2020). Additionally, the use of soil carbonate for radiocarbon
dating (Diaz et al., 2016; Dal Sasso et al., 2018), palaeoclimate and palacoenvironmental

reconstruction (Violette et al., 2010; Achyuthan et al., 2012; Eze and Meadows, 2014a; Xiong
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et al., 2022), and archaeology (Macharia et al., 2012; Paul and Mauldin, 2013), as well as its
role in ecosystem functioning (Groshans et al., 2018; Pal, 2019; Parsons et al., 2022), have
contributed to its receiving considerable attention.

Thus, one of the most fascinating observations about soil carbonate research themes is that
they cover a wide range of often concomitant research questions. For instance, the utilisation
of soil carbonates to reconstruct palaeoclimate and palacoenvironment is inherently dependent
on preliminary dating. Without it, palacoenvironmental and palaeoclimate reconstruction
would be meaningless. Furthermore, this analysis provides insight into the formation
conditions and processes of carbonate features and serves as a basis for an improved
understanding of the carbon cycle and the factors involved in the dissolution-recrystallisation
of carbonates. Another intriguing observation about the various research themes is the wide
range of analytical techniques, some of which are often involved in the analysis of different
research questions. For example, to estimate variations in the rate of pedogenic carbonate
formation in Saskatchewan soils (Canada), Landi et al. (2003) used stable carbon isotope values
in soil carbonates and parent material. The same approach was used but combined with X-ray
diffraction analyses to differentiate between pedogenic and lithogenic carbonate features later
in their work. Therefore, it is necessary to discuss recent trends in SIC research, as well as
methodological approaches used in both field and laboratory analysis. There are a lot of
brilliant reviews on the SIC, discussing either the forms and processes of formation of some
specific type of soil carbonate (e.g. Alonso-Zarza and Wright, 2010; Zamanian et al., 2016), or
the dynamics of SIC (Sanderman, 2012; Khalidy et al., 2022; Naorem et al., 2022), or SIC as
a potential source of atmospheric CO> (Ferdush and Paul, 2021; Raza et al., 2021). More
recently, Sharififar et al. (2023) emphasized the importance of the SIC pool by reviewing its
global distribution, digital mapping applied to this theme, SOC relationships, human

influences, and the effects of climate change. But none of these reviews discussed either the
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methods, which are numerous and confusing or the global research trends, which are necessary
to highlight achievements and identify future research directions. Therefore, the objectives of
this review are to: (i) conduct a bibliometric analysis of peer-reviewed scientific articles on
SIC over the last 20 years (2003-2022) to identify the contemporary research hotspots and key
research questions, (i1) review the current state of knowledge on SIC pathways, (iii) discuss the
leading methods and approaches used to characterise, quantify, and analyse SIC, (iv) explore
the environmental and ecological implications of SIC, and (v) identify critical knowledge gaps

and future directions for SIC research.

2.2. Trends in global SIC research in the last two decades (2003-2022)

This section is based on a bibliometric analysis to highlight the major progress made in SIC
research over the last twenty years. The bibliometric information used here is provided by two
scientific databases: Google Scholar and Scopus, to incorporate the maximum amount of
available data and reduce bias, as recommended by Ferreira et al. (2023). A step-by-step
explanation of the process used is described in Fig. 2.1. A filter was applied to each database
to limit the target period from 2003 to 2022, and to select peer-reviewed articles published in
the English language only.

A systematic search of scientific publications conducted on Google Scholar using the terms
“Soil inorganic carbon” returned 2,930 results; “Pedogenic carbonate” showed 5,910 results,
while “Carbonate in soil” turned out 761 results. A total of 9,601 results were found, which is
approximately 95% of the available results when a language filter is not applied. A total of 448
articles were selected, following a rigorous process (page after page) of both research and
review articles. Articles were either downloaded or bibliographic information was obtained in
BibTeX format. After removing duplicates in Mendeley Reference Manager, 395 articles from

Google Scholar were retained. Compared to the number of returned results, the articles
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retrieved from Google Scholar represent only 4%. This can be explained by the fact that many
results did not match the key terms, which is the reason why page by page selection process
was chosen. Data from books and conferences were further excluded from bibliometric
analysis. Moreover, some documents with English titles were written in languages other than
English, such as Chinese, which cannot be included here due to our limited comprehension of
the language.

On the Scopus database, the search was conducted on all publications with either the title, or
containing in their abstract, or having as keywords: “Soil inorganic carbon”, “Pedogenic
carbonate”, or “Carbonate in soil”. The search was further restricted to research and review
articles only. At the end of the process, 806 documents were selected out of a total of 849
articles. This fraction represents approximately 95% of the documents available in the database
during the period of interest. All the bibliographic information from these documents were
exported in BibTeX file format and later imported into the Mendeley Reference Manager for
analysis.

The data from the two databases were combined in Mendeley Reference Manager and after
eliminating duplicates, 1,040 articles were selected. These publications were classified
according to the research questions addressed, and it was at the end of this phase that the main
research themes were identified. To observe the general trend of SIC research over our target
period, the number of articles published was grouped into two-year classes. The R software
(version 4.3.3) was used to perform the Mann-Whitney U test (between the first 5 classes of
observation and the last 5 classes, corresponding to the comparison of the distribution of the
decade 2003-2012 with the 2013-2022 decade) and the Spearman correlation test (to analyse
possible relationships in the evolution of the main research questions), as recommended for
non-parametric statistical data (Deb et al., 2020). Finally, the geographical distribution of

research on SIC was analysed on a global scale.

20



1
"Soil inorganic
carbon"

2,930 results Manager

Page by page selection
and download ( review and

research articles only) X
2 \ 448 articles / 5. Importing data

Mendeley Reference

Google scholar
database

_ "Pedogenic
Time: "2003-2022" carbonate" 6. Eliminating duplicates
"sort by relevance" 5,910 results Download the BibTeX file’

"Only English page" containing bibliographic
information on selected

documents

773
articles selected

3

"Carbonate in
soil"

761results /
4

"Soil inorganic

Scopus carbon"
Time: "2003-2022" or
Document type: "Article "Pedogenic
and Review" carbonate"

Language: "English" or
"Carbonate in

soil"

729 results

Fig. 2.1. Description of the process used for the bibliometric analysis

If we consider our approach in the Scopus database, we obtain a total production of 1172
scientific documents (of all types) covering the SIC from 1905 (the year of the oldest
publication) to 2022. Over our target period (2003-2022), there are 932, representing 82%. This
shows that the choice of this period seems reasonable enough to assess recent progress on the
subject and represents an overwhelming proportion of the total publications on SIC in the era
of modern science. However, if we compare the production of articles on the SIC with that on
the SOC over the same period, the former appears derisory compared with the 21,934 articles
on the SOC. As shown in Fig. 2.2a, interest in SIC-related topics has increased over the last 20
years. Although this progression is marked by two negative peaks in 2007-2008 and 2017-2018
time slices, which is characterised by a decline. Furthermore, compared with the SOC (Fig.

2.2b), where the increase is more marked, the gap has evolved over the reported time. In 2003,

21




it was 87%, rising to 96% in 2022. This indicates that research output on the SOC is 23 times
greater than that on the SIC. These results underline the need to make a major effort to advance
SIC research given its role in optimal ecosystem functioning.

Examining the increase in the number of peer-reviewed articles published (Fig. 2.2a), it is
challenging to determine any difference in distribution between the first decade (2003-2012)
and the subsequent one (2022-2022). However, the result of the Bartlett test of the homogeneity
of variance, with a p-value = 0.4378, which is above the significance threshold of 0.05, shows
that it cannot be concluded that there is homogeneity in the distribution of the samples from
these two subgroups. Additionally, the Wilcoxon rank sum test resulted in a p-value of
0.007937, which is below the significance level of 0.05, indicating a significant difference
between the two decades. The box plot in Fig. 2.3 highlights the distribution difference between
the first and second decades. The average number of articles published from 2003-2012 was
67, while during 2013-2022, it was more than double at 140 (Fig. 2.3). These observations
indicate a significant increase in SIC research output over the last decade.

Several research themes were also identified linked to a variety of concerns, the most recurrent

of which are summarized in Fig. 2.4.

- SIC dynamics as a function of various natural and anthropogenic factors are most
frequently investigated (32%)).

- SIC characterization (27%). This is often linked to the analysis of formation processes.

- The use of pedogenic carbonates in the reconstruction of palaeoclimatic and
palaeoenvironmental conditions and geoarchaeology (15%).

- Advances in quantitative methods (12%) to adopt methods that are more accurate, less
time-consuming, and more environmental friendly.

- The role of SIC in the evolution of other soil properties, carbon cycles, and ecosystem

services (11%); and
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- the development of models for predicting the spatiotemporal evolution of SIC (3%).
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Fig. 2.2. a. Trend in the number of scientific publications relating to the SIC between 2003 and
2022; b. Trend in the number of scientific publications relating to the SOC compared to the

number of scientific publications relating to SIC between 2003 and 2022.
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Fig. 2.3. Box plots of the number of SIC-related publications over the period 2003-2012

compared with the period 2013-2022.
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Spearman's correlation test (p-value = 0.01) and the resulting correlation matrix (Fig. 2.5) show
that the general trend in SIC research (all subjects combined) presents a strong and significant
positive correlation with subjects related to the use of SIC for palacoenvironmental and
palaeoclimate reconstruction, radiochronology and archaeology (R=0.96), those related to the
development of quantification techniques (R=0.91), those related to the dynamics of SIC
(R=0.89), and finally those related to the role of SIC in the ecosystem and soil quality (R=0.71).
Fig. 2.6 illustrates a rise in the number of publications for all research questions between the
two decades. However, this progression is more significant for the development of techniques
for SIC quantification, for the analysis of SIC dynamics and storage, and for
palaeoenvironmental reconstruction, radiochronology and archaeology, with an increment of

900%, 544% and 309% respectively.

MAJORS SIC
RESEARCH

THEMES

2003-2022

Fig. 2.4. Major SIC research topics identified by bibliometric analysis between 2003 and 2022
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In terms of geographic distribution, the attractiveness of the subject varies across continents
depending on the research questions addressed (Fig. 2.7). China has produced the most
scientific articles on SIC. However, most studies have focused on SIC dynamics as functions
of natural and anthropogenic factors (more than 60%). This can be explained by the dominance
of arid and semi-arid climates in a large part of China (Yin et al., 2019). Soils with pedogenic
carbonate cover about 30% of China (Mi et al., 2008). On the other hand, research into
measurement techniques is dominated by Europe and North America, which are also one step
ahead on questions relating to the role of SIC in the ecosystem. The reason for this leadership
could be explained by the motivation of researchers in these regions to improve soil monitoring
networks on a national and continental scale by using increasingly less tedious techniques
(Marchant et al., 2015). Or to better estimate the financial impact of properties such as the SIC
on the management of ecosystem services (Groshan et al., 2018). The rest of Asia has produced
a significant amount of SIC-related research. However, the themes are diverse. They focused
as much on improving quantification techniques by analysing the conditions favouring the
formation of SIC, the role of SIC in the global carbon cycle and ecosystem services, and its use
in palaeoenvironmental and palaeoclimatic reconstruction. In Africa, Central and South
America, and Australia, the level of research remains relatively low. We did not report many
scientific articles for research carried out in Australia during our reference period. However, it
is possible that a significant amount of work was done before this target period. Many articles
cited in Sanderman's (2012) review of SIC in Australia appear to be outside the period of
concern. Africa, Central America, and South America have vast arid and semiarid zones. The
Kalahari and Sahara in Africa, the Atacama, Patagonia, and Sonora in Central and South
America, but SIC research in these areas is largely underexplored. Relatively, few studies have
been carried out over the last two decades on palaeoclimatic and palaeoenvironmental

reconstruction and archaeology using pedogenic carbonates (Dietrich et al., 2021a, 2017a;
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Potts et al., 2009). Stepping up research into SIC in these regions could help to better quantify
SIC stock and its role in soil carbon sequestration in these rich and diverse ecosystems. We
opine that the large expanse of drylands in Africa, Central and South America would invariably

act as natural laboratories for the advancement of our understanding of SIC dynamics.

SQES

CAFP | O g

Fig. 2.5. Spearman correlation matrix (p-value=0.01) for the main SIC research topics
identified by the bibliometric analysis. The cells marked with a cross indicate that there is no
correlation between the two variables at the significance level. AQT: Advances in
quantification techniques; CAFP: Characterisation and identification of formation processes;
ADS: Assessment of sic dynamics and storage; MM: Modelling and Mapping; SQES: Carbon
cycle, Soil quality and ecosystem services; PGA: Palacoenvironmental reconstruction and

geoarchaeology; Total: Total number of research publication.

2.3. SIC formation pathways

As a recapitulation, SIC formation pathways are described here, but for a more thorough

review, see Alonso-Zarza and Wright, (2010) and Zamanian et al., (2016). It is important to
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point out that the inorganic carbon in the soil does not originate from pedogenic processes

alone. Depending on the origin, SIC can be classified into three groups (Sharififar et al., 2023):

J Geogenic carbonates, which result from the alteration of primary carbonate
formations (limestone, dolomite and marble). In some cases, fragments of carbonate
rock formed in a pre-existing environment (continental or marine) are transported by
water, wind, or ice over a distance and reworked into the soil (ex-situ formation). In
other cases, particularly in soils formed on carbonate parent material, the fragments
present in the soil are relics that have resisted weathering (in situ formation).
o Biogenic carbonates, which result from the accumulation of animal and plant
remains, including animal skeletons and mollusc shells. They are generally found in
soils formed beneath sedimentary deposits.
o Pedogenic carbonates, which are generally formed on site (in-situ formation)
by various pedogenic processes involving either direct or indirect biotic processes, or
the intervention of abiotic processes. SICs derived from pedogenic processes are also
called secondary carbonates because they generally result from the recrystallisation of
pre-existing carbonates, which are considered primary.
The first two (geogenic and biogenic) are often referred to as lithogenic (Monger et al., 2015)
as they are derived from lithogenic processes. However, inorganic carbon in soil is also present
in the form of dissolved ions (Ferdush and Paul, 2021). This is known as dissolved inorganic
carbon (DIC) including carbonate ions (CO37), bicarbonate ions (HCO3), dissolved carbon
dioxide (CO,solute) and carbonic acid (H,CO3).
The precipitation of carbonate in the soil requires some conditions:
a. The availability of Ca®" or Mg?* ions in the environment. These generally come either from

the weathering of local silicate or carbonate parent materials (Durand et al., 2006; Sun et al.,
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2022; Watanabe et al., 2004) or acolian deposits (Bockheim and Douglass, 2006; Mikhailova
et al., 2013). They are mobilised either by capillary uptake, dissolution, or evaporation.

b. The availability of carbon dioxide. CO; generally comes from the respiration of roots and
soil micro-organisms (Gocke et al., 2010, 2011; Zhao et al., 2016).

In addition, the water content of the soil also plays an important role, as precipitation generally
occurs when the water content decreases, either through evaporation (Khokhlova et al., 2021)
or evapotranspiration (Li et al., 2018). In some cases, the partial pressure of carbon dioxide
(pCO2) in the soil also plays a role in precipitation (Karberg et al., 2005).

In general, two main pathways are suggested for pedogenic carbonate precipitation in soils: the
abiotic pathway (dissolution-recrystallisation) and the biotic pathway, which emphasises the

participation of organisms and/or micro-organisms in carbonate formation.

Advances in quantification techniques 9200 %

EN
=

Characterisation and identification of formation processes

544%

Assessment of SIC dynamics and storage

Modelling and Mapping 40%

80%

Soil quality and ecosystem services

309%

Paleo-environmental reconstruction and geoarchaeology

Fig. 2.6. Progression rate (%) in SIC research from 2003-2012 decade to 2013-2022, classified
by topic.

2.3.1. Abiotic soil carbonate precipitation

In this approach, the weathering of silicate minerals (Eq. 2.1) or carbonate minerals (Eq. 2.2)

under the action of carbonic acid would result in the availability of Ca®*ions, which in dry
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environments (arid and semi-arid) are fixed by bicarbonate ions to allow the precipitation of
pedogenic carbonates (Eq. 2.3) within the soil profile. The same model explains that in a more
leaching humid environment, bicarbonate ions are transported to rivers and then to the oceans
where they are precipitated as lithogenic carbonate (Monger et al., 2015). This process is also
known as physicochemical formation (Tlili et al., 2021). It is exclusively influenced by the
physicochemical properties of the soil and some physicochemical environmental factors of the

medium (e.g., climate, topography, parent material).

2C0, + 3H,0 + CaSiO; — Ca2* + 2HCO3 + H,Si0, Eq.2.1
CaCO; + H,CO; © Ca?* + 2HCO; Eq.2.2
Ca2* + 2HCO3 — CaCO; + CO, + H,0 Eq.2.3

The dissolution-recrystallisation pathway has been widely used to explain the formation of
certain types of pedogenic carbonate features such as nodules and laminar crusts in dry regions
(Monger, 2014; Dietrich et al., 2017). Khokhlova et al. (2021) have also suggested that nodule
precipitation in the Central Russian Uplands is associated with a decrease in water content due
to evaporation. However, the formation of other types of pedogenic carbonates, such as
rhizolites, can be linked to the activity of a particular type of plant. Sun et al. (2020, 2022)
show, for example, that rhizolites formed in the deserts of China (Tengeri and Badain Jaran)
are associated with Artemesia. In this type of soil carbonate, although the conditions described

above are still valid, root activity remains the determining factor in carbonate precipitation.
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Fig. 2.7. Geographical output of SIC research based on the identified themes.

2.3.2. Biotic soil carbonate precipitation

The dissolution-recrystallisation model under physicochemical action failed to explain the
formation of some microfeatures of soil carbonates. Needle-fibre calcite for example, are often
described as the result of a combined action of physicochemical processes and microbial
transformations (Becze-Deak et al., 1997; Cailleau et al., 2009; Milli¢re et al., 2019; Tlili et
al., 2021). Moreover, the precipitation of soil carbonate has in some cases been linked to the
action of microbial activity, promising biomineralization rather than a physicochemical process
(Parraga et al., 2004; Lian et al., 2006; Zhang et al., 2010; Laudicina et al., 2013; Liu et al.,
2018). In addition, recent works have highlighted biomineralization via the oxalate-carbonate
pathway (Aragno and Verrecchia, 2012; Cailleau et al., 2011, 2014; Gadd et al., 2014; Uren,

2018; Sun et al., 2019; Syed et al., 2020; Herv¢ et al., 2021; Alvarez-Rivera et al., 2021; Gatz-
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Miller et al., 2022). According to Verrecchia et al. (2006), oxalate crystals are produced by
fungi during the fixing of atmospheric CO; by photosynthesis in certain plants. This carbon is
used by oxalotrophic bacteria to release Ca*>" ions and CO; into the soil solution (Eq. 2.4) and

later to precipitate CaCO3 (Eq. 2.5).
CaC,03.nH, + -0, - Ca?* + 2C0, + (n — 1)H,0 + 20H" Eq.2.4

Ca?* + 20H™ + CO, — CaCO; + H,0 Eq. 2.5

This approach is particularly interesting because it has demonstrated the sequestration of
carbon dioxide, even in tropical environments (Aragno and Verrecchia, 2012; Gatz-Miller et
al., 2022). However, the capacity of this system is still unknown, as are all the tree species and
microorganisms involved in the process. Moreover, some tree species reportedly struggle to

return the fixed calcium carbonate to the soil (Hervé et al., 2018).

2.4. Characterisation of soil inorganic carbon

Characterizing SIC is crucial for understanding its exact role in sequestering carbon dioxide in
the soil and the processes responsible for its accumulation in soil profiles. This approach is
based on the differentiation between inorganic carbon derived from pedogenic processes and
inorganic carbon derived from other (non-pedogenic) processes, which implies an analysis of
carbonate formation processes in soils. Characterizing SIC generally entails, but is not limited
to, morphological identification and description of different scales (macro, micro, meso). The
use of geochemical methods, which are done separately or combined with morphological
characterization, makes it possible to analyse the processes and environments of carbonate
formation in the soil, and the use of analytical techniques to identify the mineralogical species
that make up soil carbonates. This approach involves combining different types of analytical
procedures from field to laboratory observations and from macromorphological to

micromorphological observations.
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2.4.1. Macromorphological description

Macromorphological descriptions are generally the first step in characterizing SIC. It is based
on certain criteria, such as carbonate form, presence or absence of fossils, and SIC distribution
patterns (West et al., 1988). This process provides the first indication of the type of carbonate
present in the soil and allows for differentiation based on the observed shape (Zamanian et al.,
2016) and the degree of evolution of carbonates in the horizon (Machette, 1985). However, the
differentiation of carbonates in the soil cannot be limited to macroscopic observations alone,
as discrimination between pedogenic and non-pedogenic carbonates based only on
macroscopic observations can lead to erroneous conclusions (cf. West et al., 1988). It is
complemented by micromorphology, which is more accurate and widely used as a reference
method (Wolff et al., 2017; Kowalska et al., 2020; Menezes et al., 2021). Therefore, given the
cost and difficulty of access to the equipment needed for microscopic observations, it would
be necessary to develop more accurate methods for macromorphological discrimination

between pedogenic and non-pedogenic carbonates.

2.4.2. Micromorphological description

Soil micromorphology has been effectively used in SIC research. Depending on the objectives
of the study and the soil characteristics, different sample collection techniques are used to
determine soil micromorphology. The sampling technique based on the Kubiéna box is the
most used (Verrecchia and Trombino, 2021). However, if the circumstances do not permit it,
or in the case of studies that concentrate on specific features such as nodules, hardpans, and
pebbles, the sample can be carefully hand-picked (Kovda et al., 2006; Achyuthan et al., 2012)
or with the help of a small chisel and hammer (Landi et al., 2003).

The steps in the preparation of thin sections of soil samples are explained by Verrecchia and
Trombino, in "A Visual Atlas for Soil micromorphologists" (2021). Briefly, the procedure

involves air-drying the samples for a few weeks, then impregnating them with a resin (usually
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an epoxy resin, combined with acetone to increase viscosity and a catalyst) to stabilise their
structure. After impregnation, a vacuum system is used to remove any residual air from the
samples. Once solidified, the samples are cut using a diamond saw to obtain tiles approximately
1 to 2 cm thick, mounted on a glass slide and then polished to a thickness of 20 to 30 um.

Various microscopic observation techniques have been used in SIC research (see Table 2.1).
Some of these are presented in the following paragraphs: In general, a polarised microscope
(PL) is used to identify carbonate microstructures and analyse the relationships between them
and the other features present (Kovda et al., 2003;Durand et al., 2007; Menezes et al., 2021).
In some cases, it can also be used to differentiate between pedogenic and non-pedogenic
carbonates using criteria such as the presence or absence of fossils, the distribution of carbonate
structures, the shape of these structures, Fe-Mn staining, and other criteria presented by West
et al. (1988). Cathodoluminescence microscopy (CL) observations are also used to describe
carbonate microstructures. They help, for example, in analysing alteration or accumulation
processes (Violette et al., 2010; Milliere et al., 2019), but also in discriminating between
carbonate types (Dal Sasso et al., 2018; Ruidas et al., 2020). However, fluorescence
microscopy (FL) observations are not widespread. In contrast, Khormali et al. (2006) showed
that they can also be used to discriminate between pedogenic and non-pedogenic carbonate
microstructures. Scanning electron microscope (SEM) observations generally help describe
carbonate microstructures and their internal and external arrangements (Landi et al.,
2003;Bajnoczi and Kovacs-Kis, 2006; Sun et al, 2023). In other words, all these
micromorphological description techniques are very useful for characterizing SIC. However,
the choice of one or more of them is guided not only by the objectives of the study but by the

financial resources available, as some of them may lead to the same conclusions.
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Table 2.1. Technique used for micromorphological description of SIC

Technique

Objective(s)

Reference

Polarised microscope

Analysis of the processes involved in the
formation of the Bk horizon;
Morphological identification of carbonate
microstructures;

Analyse their relationship with other
elements;

Differentiates pedogenic from non-

pedogenic carbonates

West et al., 1988; Kovda et al.,
2003; Bockheim and Douglass,
2006; Khormali et al., 2006;
Durand et al., 2007; Violette et
al., 2010; al Sasso et al., 2018;
Kowalska et al., 2020; Dietrich
et al., 2021; Menezes et al., 2021

Scanning electron

Describe carbonate microstrutures;

Landi et al., 2003; Bajno6czi and

microscope Analysis of the processes involved in the Kovacs-Kis, 2006; Khormali et
accumulation of these microstructures. al., 2006; Violette et al., 2010;
Mapping chemical composition of Eze & Meadows, 2014a, 2014b;
microstructures Eze & Meadows, 2015 Eze et
al., 2016; Dal Sasso et al., 2018;
Prokof’eva et al., 2021; Valera
Fernandez et al., 2022; Sun € al.,
2023)
Cathodoluminescence Identify carbonate microstructures; Khormali et al., 2006; Violette et
microscope Analyse alteration or accumulation al., 2010; Dal Sasso et al., 2018;

processes;
Differentiates pedogenic from non-

pedogenic carbonates

Milliere et al., 2019; Ruidas et
al., 2020; Menezes et al., 2021

Fluorescence microscope

Differentiates pedogenic from non-

pedogenic carbonates

Khormali et al., 2006

Microprobe microscopy

Quantitative chemistry

Mapping the distribution of elements

mineralogical and geochemical composition

of microscopic particles such as

microscopic nodules, soft masses

Kovda et al., 2003; Kuznetsova
& Khokhlova, 2010; Diaz-
Hernandez et al., 2018 ;
Prokof’eva et al., 2021;
Schweizer et al., 2023
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2.4.3. Stable isotope geochemistry

Stable isotope geochemistry is based on isotope fractionation, in other words on the distribution
of isotopes between two substances or two phases of the same substance with different isotope
ratios, either through isotope exchange or kinetic effects (Hoefs, 2009a). These variations in
isotopic composition are extremely small and are generally expressed in a specific unit 6 as

follows (Allegre, 2008):

sample isotope ratio—standard isotope ratio
§ = (Hmmeserer peret®) x 103 Eq.2.6

standard isotope ratio
0 is the relative deviation from the standard and is expressed as the number of parts per mil
(%o0). The isotope ratios are obtained using mass spectrometry. The operating principles of the
mass spectrometry methods and laboratory techniques have been explained by Hoefs (2009).
In SIC studies, the isotopes of interest are carbon and oxygen. They are used to differentiate
pedogenic carbonates from lithogenic carbonates (West et al., 1988; Landi et al., 2003). They
are also used in studies on the formation processes of pedogenic carbonates (Salehi et al., 2004;

Kovda et al., 2014).

2.4.3.1. Carbon stable isotopes

On Earth, carbon has two stable isotopes,'?C=98.93% and '*C=1.07%. According to Hoefs
(2009a), the fractionation process in the case of inorganic carbon occurs through isotope
exchange reactions within the "atmospheric CO2 - dissolved bicarbonate - solid carbonate"
system and leads to an enrichment of 'C in carbonates. In most cases, the §"°C value is
calculated using the standard Pee Dee belemnite value (V-PDB). The differentiation between
pedogenic and non-pedogenic carbonates is based on the assumption that the carbon
incorporated in pedogenic carbonates originates from soil CO; resulting from root and
microbial respiration (Cerling, 1984; Hasinger et al., 2015). Thus, 8'3C values of pedogenic
carbonates are strongly linked to vegetation. Other forms of carbonates of non-pedogenic origin
retain the isotopic signature of the environment in which they were formed (Zamanian et al.,
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2021). West et al. (1988) estimate, for example, that carbonates formed in soil have more
negative 8'°C values (-1.3 to -6.4%o) than marine limestones (-0.7 to + 1.6%o). Diaz-Hernandez
et al. (2018) also demonstrated that the negative §'°C values of pedogenic carbonates (from —9
to —6%o) in a soil profile developed as a result of volcanic tephra weathering on the island of
Gran Canaria and are related to CO; respiration by plants with CAM photosynthesis or a
mixture of C3 and C4 plants. There are three pathways to photosynthesis, the first of which
involves the plant fixing atmospheric carbon to form 3-phosphoglycerate, known as a C3 plant.
In the C4 and CAM pathways, photosynthesis first leads to the production of sugar with four
carbon atoms, which is then reduced to C3 (Lawson et al., 2022). The abundance of these plants
may be characteristic of the climatic conditions of the environment. C4 and CAM plants are
generally typical of arid and semi-arid environments. In contrast, carbonate spring deposits
from this area showed positive §!°C values (+2.63 to +4.29%o) related to carbon depth. §'°C
values can also differ from one form of pedogenic carbonate to another, depending on the
morphological characteristics (Kovda et al., 2006; Achyuthan et al., 2012; Kovda et al., 2014;
Menezes et al., 2021). This is generally linked to changes in the formation conditions,
particularly in terms of vegetation and climate, or to morphological evolution over time.
Although the use of §'°C values can help solve research questions for differentiating lithogenic
carbonate from pedogenic carbonate and discussing the conditions of formation of pedogenic
carbonates, it can also be confusing. How can we distinguish variations between pedogenic
carbonate types from those between pedogenic and non-pedogenic carbonates? It would be

interesting to further investigate this aspect of pedogenic carbonate research.

2.4.3.2. Oxygen stable isotopes
Oxygen has three stable isotopes with the following abundances: %0 (99.757%), 70 (0.038%),
180 (0.205%). The §'30 values in this case is obtained from the !0 and '30 values. §'*0 values

are obtained using the Pee Dee Belemnite value (V-PDB) as a standard or Vienna Standard
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Mean Ocean Water (V-SMOW) (Hoefs, 2009b). The §'0 of pedogenic carbonate is controlled
by the oxygen isotopic composition of the meteoric water from which the carbonates originate
(Cerling, 1984). It can be used to differentiate carbonate types in soils. Diaz-Hernandez (2018)
assigned the most negative §'*0 values to calcite and the least to dolomite. However, it is also
linked to the climatic conditions of the region at the time of carbonate deposition (Dar et al.,
2015; Raigemborn et al., 2018). This makes it possible to better analyse the climatic conditions
that favour the precipitation of carbonates. Like 8'*C values, the use of 'O values also raises
questions. Which values are linked to the mineralogical type of carbonate and which to climatic

conditions? It would thus be interesting to investigate this aspect of the research further.

2.4.3.3. Clumped isotopes geochemistry

Clumped isotope geochemistry is based on the measurement of the abundance of molecules
containing two or more rare (isotopologues) isotopes in natural materials. This abundance can
provide unique information on the geological, geochemical, and chemical processes (Hoefs,
2009a). Clumped isotope analyses use values of A; to denote the excess or deficit of
isotopologue i relative to the amount expected if a material conforms to the stochastic
distribution. For pedogenic carbonates, this technique is very effective for analysing the
temperature conditions that prevailed during the accumulation of carbonates in soils (Quade et
al., 2013; Gallagher and Sheldon, 2016). The A4; value for CO> is estimated based on the
abundance of *C-80 bonds in the carbonate network. A47 is measured as the amount of CO;
extracted from a carbonate mineral by digestion with dry phosphoric acid (Affek, 2012).
Although this method has provided important information on the temperatures of formation of
pedogenic carbonates, it does not allow us to understand the seasonal timing. Quade et al.
(2013) investigating clumped isotope geothermometer in carbonates from modern soils with
differing rainfall seasonality (Arizona, Nevada, Tibet, Pakistan, and India) and from a deeply

buried palacosol carbonate in the Himalaya, observed that T°C (A47) exceeded the mean annual
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temperature (MAAT) by 10-15°C due to a summer bias in soil carbonate formation and summer
heating by incident radiation. They also found a control of depth and shading on T°C (A47).
However, they demonstrated a strong correlation (1?=0.92) between MAAT and soil T°C (A47)
in the site across a broad temperature range (0-30°C) and characterised by the following
equation:

MAAT(°C) = (T°C (447),) — 21.72 Eq. 2.7
Where T°C (447), is the effective air temperature at the site estimated from T°C (A47). Based
on this result, they concluded that the mean annual temperature of the past, which governed
the formation of carbonate in a palacosol, could be reconstructed from the T°C (A47) values of
the carbonates of this palaeosol. However, this assumes that the studied palacosol was formed
under the same environmental conditions as those of their study. Peter et al. (2013), studying
the relationship between soil temperatures and carbonate formation temperatures estimated
using clumped isotope thermometry (T°C (A47)), on a Holocene carbonate soil along the eastern
flank of the Andes, show that at a depth of 1 m, the average T°C (A47) values for soil carbonates
sampled above 2 km altitude reflect summer soil temperatures. However, T°C (A47) values
below ~2 km follows the mean annual soil temperature. This discrepancy was credited to the
difference in moisture regime. But Ringham et al. (2016) in a study on the eastern Andean
piedmont of Argentina showed that T°C (A47) was invariant with depth. To explain the
difference between their T°C (A47) values and those of Peter et al. (2013) close to their study
site, they suggested a potential site-to-site variability due to soil hydrology this assumption is
also supported by Gallagher and Sheldon (2016) results obtained on ten different sites across
the western United States. The results of Ringham et al. (2016) study also suggest that the
deeper T°C (A47) values (>40 cm) are consistent with carbonate formation during the early part
of soil drying immediately after large midsummer rainstorms. Carbonate formation < 40 cm

depth may be biased by soil drying after small, frequent rainfall events. This result was

38



supported by Burgener et al. (2016) in a Holocene carbonate soil in Chile. According to their
study, only the highest precipitation events affect soil moisture at depths >40 cm. They further
highlight the role of the soil moisture regime in modulating the timing of soil carbonate
formation, which affects the resulting carbonate values. All these studies highlight a gap in the
understanding of the global and local factors affecting the deposition and preservation of

pedogenic carbonates (Fischer-Femal and Bowen, 2021).

2.4.4. Strontium isotope ratio (3’Sr/36Sr) to trace calcium origin.

The strontium (Sr) isotope method is a powerful tool for studying chemical weathering and soil
genesis, cation provenance, and mobility. It is a sensitive geochemical tracer applicable to
large-scale ecosystem studies and centimetre-scale examinations of cation mobility within a
soil profile (Capo et al., 1998). It has been established that the calcium present in pedogenic
carbonate comes, in some cases, from the previous alteration of a carbonate mineral, a rock, or
a silicate mineral rich in calcium ions and/or in other cases from deposits of dust rich in calcium
ions (Capo and Chadwick, 1999; Dietrich et al., 2017)

The principle behind using the Sr isotopic ratio (*”Sr/*Sr) to trace the origin of Ca in pedogenic
carbonates is that the ratio of Sr isotopes in the soil reflects the geology of the parent material
from which the soil was formed (Capo et al., 1998). Calcium, a major component of pedogenic
carbonate, is derived from the breakdown of rocks and minerals in the soil. As calcium is taken
up by plants and incorporated into pedogenic carbonate, it carries the isotopic signature of the
parent material. Strontium, which has a similar ionic radius and chemistry to calcium, is also
present in the parent material of the soil. However, unlike calcium, which is relatively immobile
in the soil, strontium is more mobile and can be exchanged between the soil and groundwater
(Dubchak, 2018). As a result, the ratio of Sr isotopes in pedogenic carbonate can provide a

unique signature of the geology of the parent material from which the soil was formed. This
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signature can then be compared to the Sr isotopic composition of rocks and minerals in the
surrounding area to determine the origin of calcium in pedogenic carbonate.

This method requires prior identification of the potential parent material. It is also important to
define the Sr/Ca ratio, which gives an indication of the fractionation of calcium and strontium
ions. According to Capo et al (1998), the amount of calcium that does not fractionate from the
Sr contributed by an end member in a two-component system can be calculated from Sr isotopic
data, provided that the Sr/Ca concentration ratio is known for each component. The fraction of
Ca contributed to this mixture by the component 1 is given the following equation:

M1Ca — (6mix—62)K>
MEAMEY  (Smix—02)Kz+(81—8mix) K1

Eq. 2.8

where K and K are the Sr/Ca concentration ratios for components 1 and 2.

This method has been widely used to trace calcium sources in pedogenic carbonates (Capo and
Chadwick, 1999; Bockheim and Douglass, 2006; Milli¢re et al., 2019; Monhonval et al., 2023).
Van der Hoven and Quade (2002) demonstrated that strontium isotopic ratio (3’Sr/**Sr) can be
used to trace the spatial and temporal variation of Ca sources in pedogenic soil carbonates
developed in Quaternary basalt flows and an ash deposit in the Zuni-Bandera volcanic field,
New Mexico (USA). Their results identified the chemical weathering of carbonate minerals
contained in the dust as the main source of Ca and the chemical weathering of silicate minerals
originating either in the dust or in the underlying basalt as a secondary source. In contrast,
Dietrich et al. (2017) prioritised weathering of parent material (granite and greenstone) as the
source of Ca in pedogenic nodules formed in clay-rich parent material in the Far North region
of Cameroon. Saharan dust was identified as an additional source These two examples are set
in different contexts. In the far north of Cameroon, plagioclase weathering of the parent
material took place during humid climatic phases, which favoured the availability of calcium,
fixed later in the soil during more arid phases. In contrast, in the Zuni-Bandera volcanic field,

the composition of the dust appears to have remained relatively constant over the last 0.7 Ma,
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and its calcium contribution outweighs that derived from weathering of the overlying parent
material. However, this demonstrates the robustness of this method for tracing the origin of
calcium in contests where various sources are involved. The use of strontium isotopes as tracers
for Ca in soil carbonate research is interesting because it provides insight into the potential for
atmospheric carbon sequestration (Monger et al., 2014).

More recently, some studies have also used calcium isotope ratio (5*¥*°Ca) to trace the origin
of calcium in soil carbonate features such as needle fibre calcite, (Milli¢re et al., 2019) and soil
profiles (Laudicina et al., 2021; Haldar et al., 2023). In contrast to the strontium method, it
offers a direct approach and therefore more realistic results. However, more information is still
needed to understand the mechanisms of Ca fractionation during calcite precipitation (Milliere

etal., 2019).

2.4.5. Elemental geochemistry and mineralogy

The processes that drive carbonate accumulation in soils can also be studied based on elemental
geochemical balance using a variety of analytical methods that are as diverse as they are
confusing. These methods very often vary from one author to another, although the objectives
pursued are often concomitant. For example, to analyse the weathering and pedogenic
processes that led to the accumulation of carbonates in southern India, Achyuthan et al. (2012)
combined different tools, including the flame photometer to determine Na>O and K>O contents,
the spectrophotometer for SiO2 and AlbOs contents, titrimetry for Mg and Ca contents, the
atomic absorption spectrometer (AAS) for Fe, Mn and trace element contents, and inductively
coupled plasma atomic emission spectroscopy (ICP-AES) for rare element contents. While for
the same objective Diaz-Hernandez et al (2018) on the island of Gran Canaria, recommended
X-ray fluorescence spectroscopy for major elements and Zr, and inductively coupled plasma

mass spectrometry (ICP-MS) for trace elements. Other examples can be added to these (Durand
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et al., 2007; Wolff et al., 2017). This set of facts highlights the need for a harmonised standard
operating procedure for the analysis of total elemental composition of pedogenic carbonates.

The behaviour of geochemical elements, individually or in combination, is widely used in SIC
research, mainly to differentiate lithogenic carbonates from pedogenic carbonates, or to
identify pedogenic processes. For example, Valera-Fernandez et al. (2020) showed that there
are differences between rare Earth elements (REE) concentration of the compact carbonate
crust (calcretes) and the indurated coastal limestone sediments (calcarenites) that cover it, in
the Yucatan Peninsula (Mexico). The REE concentration was higher in the calcarenites
(lithogenic) than in the calcretes (pedogenic). The authors explained this difference by the
influence of pedogenic processes, particularly the dissolution of large volumes of carbonates
during pedogenesis, which would have resulted in a considerable loss of REE. They also
explained the enrichment in heavy rare Earth elements (HREE) and the negative anomaly in
Ce in calcretes by the alkaline environment, where Ce** easily forms soluble complexes with
CO%~and HCO3 and can be extracted from the soil mass by runoff. Dietrich et al (2021) also
observed a high concentration of REE in pedogenic carbonate nodules in the Far North region
of Cameroon. They explained these high REE concentrations by carbonate complexation
favoured by the proximity of the ionic radii of Ca’" and REE. They also observed a strong
negative anomaly of Ce in the carbonate nodules, which they linked to the oxic conditions in
the environment during the precipitation of the carbonate nodules. In addition, we explained in
section 2.4.4 that the Sr**/Ca®" ratio is used to trace the source of the calcium contained in
pedogenic carbonates. However, one of the most remarkable applications was carried out by
Dietrich et al. (2021) for the quantitative assessment of calcium accumulation in a palaeo-
vertisol from the Far North region of Cameroon. Calcium depletion in the parent material and

the accumulation in the palaeo-Vertisol residue was calculated by normalising it with an
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immobile element (titanium, considered to be generally preserved and unchanged in Vertisols)

according to following equation.

[Calres/[TilRes
0, — | ==Reo/ T S heS
Ca = ([Ca]PM/[Ti]pM) Eq. 2.9

Where [Ca]ges and [Ti]ges represent the respective residual Ca and Ti concentrations in the
residual elements of the palaco-vertisol. [Ca]py and [Ti]py are the respective Ca and Ti
concentrations in the parent material. To estimate calcium accumulation in the carbonate phase
of palaeo-vertisols, the authors used volumetric ratios between parent material and palaeo-
vertisol, considering variations in density and volume. The volumetric deformation (g) was

calculated using the equation of Egli and Fitze (2000).

g = LeMX[TlRes Eq.2.10

PResX[Tilpm

Where ppy and pges are the densities of parent material and palaeo-Vertisol respectively. The
accumulation of calcium in the carbonate phases was then calculated using the following

equation.

a X[Ca X
%Caaccu — %Accu [Cal accuXPsAccu X & Eq 211
Rres*X[Calpm*Xppm

Where a is the volumetric fraction of the different kinds of palaco-Vertisols (% of skeleton for
carbonate nodules, % of carbonate in soil fine earth for micritic soil carbonate, and the missing
fraction necessary to reach 100% is attributed to the residue). According to the authors, the
errors can be as high as 46% and are mainly due to the variability of the skeletal content. This
approach remains questionable, since accumulation processes take place in an open
environment, and calcium could come from a variety of sources, as shown by Dietrich et al.
(2017).

X-ray diffraction is used to mineralogically identify the types of carbonates present in the soil
(Hamidi et al., 2001; Sun et al., 2023). This method can be combined with other methods to

differentiate between pedogenic carbonates and lithogenic carbonates (Landi et al., 2003; Diaz-
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Hernandez et al., 2018). Landi et al. (2003), for example, used XRD results of pedogenic
carbonates combined with micromorphological observations (SEM) to show that, although
calcite is the dominant pedogenic carbonate in Saskatchewan soils, a small amount of dolomite
was trapped in their structure during their formation. Furthermore, the use of energy-dispersive
X-rays (EDX) has become increasingly popular. EDX is commonly associated with scanning
electron microscopes (SEM) or transmission electron microscopes (TEM) and allows for the
mapping of carbonate in relation to other minerals (Diaz-Hernandez et al., 2018), analysis of
spatial arrangement (Shweizer et al., 2023), and identification of areas of accumulation

(Prokof'eva et al., 2021).

2.5. Quantitative techniques in soil inorganic carbon measurements

Several laboratory methods can be used to determine SIC content. These methods vary in their
accuracy, precision, and complexity (Table 2.2). The choice of method depends on the specific

research question and the available resources.

2.5.1. Calcimetric method

Described by Sherrod et al (2002) and Fonnesbeck et al. (2013), SIC determination using the
pressure calcimeter method is now widely used particularly for calcareous soils (Wang et al.,
2010; Zhang et al., 2015; Raheb et al., 2017; Zhang et al., 2018). The principle of the method
is to estimate the pressure associated with the release of carbon dioxide produced by the
dissolution of calcium carbonate in an acid-treated soil sample. The SIC concentration is
determined by assuming that all carbonates are derived from calcium and multiplying the
calcium carbonate concentration by the mass proportion of C in the calcium carbonate (0.12 g
C g'! CaCOs) (Apesteguia et al., 2018).

This method has been developed for Calcisols and other soils rich in calcium carbonate. It is

not recommended for soils rich in dolomite (Apesteguia et al., 2018). It also has the limitation
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that it only allows the estimation of SIC, to the detriment of other methods that also allow the
estimation of SOC (Leogrande et al., 2021). In addition, it is an indirect method, since the SIC
content is estimated as a function of the carbon dioxide pressure released. It would therefore
be interesting to analyse the extent to which either the operation of the system or the conversion
could affect the results obtained. Better still, being a destructive method, which also requires
the use of chemical reagents and the release of carbon dioxide, it is nonetheless linked to a non-

negligible environmental footprint.

2.5.2. Dry combustion method

Dry combustion is also a widely used method for determining the SIC content (Wang et al.,
2012; Wang et al., 2014; Zhang et al., 2021). This method is based on the combustion of a soil
sample at high temperatures. It is assumed that all carbon present in the sample is oxidized to
carbon dioxide. This includes both organic and inorganic carbon. However, if the sample is
first treated to remove organic carbon, the remaining carbon measured after combustion is
derived solely from inorganic carbon. Similarly, if a sample is first treated to remove inorganic
carbon, the carbon remaining after combustion is measured only as organic carbon. In some
cases, one subsample is pre-treated with HCI to remove inorganic carbon, and then subjected
to dry combustion to determine the organic carbon content. Another subsample is subjected to
dry combustion without pre-treatment to obtain the total carbon content (Shi et al., 2017; Xu
et al., 2021). Alternatively, the organic carbon content is determined by another method and
then subtracted from the total carbon content, which was determined by dry combustion (Lu et
al., 2020; Wang et al., 2022).

In both cases, the inorganic carbon content is determined by subtracting the organic carbon

content from the total carbon content according to the following equation:
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SIC = STC — SOC Eq. 2.12
where STC, SIC, and SOC represent the soil total carbon, soil inorganic carbon, and soil
organic carbon respectively.

According to Leogrande et al. (2021), dry combustion provides reliable and accurate results in
soils with different calcium carbonate contents by comparing the results of the calcimetric
method and offers the advantage of estimating both SIC and SOC contents. Similar to the
calcimetric method, dry combustion is also a destructive method. This also results in a certain
environmental footprint. In addition, it would be interesting to analyse the extent to which the
pre-treatment applied for the destruction of either the SIC or the SOC can affect the results at

the end of the process.

2.5.3. Titration

The method for determining SIC content by rapid titration has been described by Bundy and
Bremner (1972). The soil sample is treated with 2M HCIl at room temperature for 16-24 hours
in a sealed bottle containing 2M KOH and The CO: released from the carbonates by this
treatment is determined by titrating the KOH solution with standard HCI. In some cases, a
coulometric indicator (bromothymol blue) is used and KOH is replaced with NaOH (Moharana
et al., 2021). This is one of the oldest methods used to estimate inorganic carbon content in
soil. However, these are less commonly used. The results depend significantly on the operator.
It is also less rapid and accurate than other methods such as calcimetric method, which uses
fewer chemicals (Elfaki et al., 2016). Moreover, it is a destructive method that requires a large
quantity of chemical reagents. It is therefore the method with the greatest footprint on the

environment.

2.5.4. Spectroscopic methods
These are the most recent methods for quantifying SIC content and are already widely used
(Grinand et al., 2012; Comstock et al., 2019; Barthés et al., 2020; Gomez et al., 2022). The
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general principle of these methods is to calibrate the spectroscope with a wide range of samples
whose contents have been determined by other pre-established methods. Once the calibration
is complete, the contents of the other samples can be measured.

Mid-Infrared reflectance spectroscopy (MIRS) is a powerful tool for determining the SIC
content. The principle of MIRS is based on the interaction of light with matter, specifically the
reflection of infrared radiation by soil particles. The MIRS method involves measuring the
reflectance spectra of soil samples in the mid-infrared region (4000-400 cm™'). Spectra are
generated by shining a beam of infrared light onto the soil surface and measuring the intensity
of the reflected light. Reflectance spectra provide information on the chemical composition of
the soil, including the presence and amount of the SIC. Overall, MIRS is a non-destructive,
rapid, and cost-effective method for determining the SIC content of soil samples. This is
particularly useful for large-scale soil surveys, where traditional laboratory methods are time
consuming and expensive (Barthés et al., 2020; Gomez et al., 2022). However, it is less
accurate than both calcimetry and dry combustion (Grinand et al., 2012).

Fourier transform mid infrared photoacoustic spectroscopy (FTIR-PAS) has also been used to
determine the carbonate content of the soil (Du et al., 2013). The FTIR-PAS technique is based
on the absorption of electromagnetic radiation by analyte molecules. Subsequently, non-
radiative relaxation processes lead to the local warming of the sample matrix. The pressure
fluctuations generated by the thermal expansion are then detected using a highly sensitive
microphone. The resulting spectrum differs from the transmittance or reflectance mid-infrared
spectra because it detects non-radiative transitions within the sample. In photoacoustic
spectroscopy, the detected signal is proportional to the sample concentration, and FTIR-PAS
analysis can be used to analyse samples that strongly absorb mid-infrared radiation without
pre-treatment. This reduces the processing time and makes the technique very useful and

applicable for soil-testing purposes.
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Although there are few applications to date, it would be a suitable alternative for the analysis
of solid soil samples with high infrared absorption, and the technique allows for the accurate

and rapid determination of the carbonate content of the soil.

2.5.5. Ramped combustion and Loss of ignition

Ramped combustion (Apesteguia et al., 2018) or the thermal gradient method (Vuong et al.,
2013) is a method used for simultaneous analysis of total carbon, SOC, and SIC content. It
consists of placing soil samples in a simultaneous thermal flow and measuring the amount of
COg; released by infrared detection, which is converted to carbon content. Samples are first
heated from room temperature to 105 at 10 °C.min"! and held at this temperature for 15 min.
to remove moisture, then heated to 850 °C at 10 °C.min"'. The total carbon concentration of
the sample is determined using the cumulative amount of CO> evolved between 120 and 850
°C. Organic carbon concentrations are determined from the CO; released between 120 and
550°C, while inorganic carbon concentrations are determined from the CO> released between
550 and 850°C. The selection of 550 °C as the cut-off temperature between organic and
inorganic carbon was based on the conventional temperature used for organic carbon
determination using loss on ignition (LOI) methods and observation of the temperatures of the
minima in CO; thermograms. The limit between SOC and SIC is not clearly marked in this
method. In a similar manner, Vuong et al. (2013) used 900 °C as the limit for inorganic carbon,
Apesteguia et al. (2018) set the limit to 850 °C. These discrepancies may have consequences
on the measured values.

According to Apesteguia et al. (2018), ramped combustion appears to be a preferable single-
sample method for the simultaneous quantification of SOC and SIC in limestone-enriched soils,
providing a relatively fast, economical, and efficient method that excludes the use of hazardous

reagents such as those used in the acid fumigation used in dry combustion.
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The loss of the ignition method is quite close to that of ramped combustion. The SOC is
estimated by the loss of ignition at 450°C and the SIC by the loss of ignition at 950°C (Hussain
et al., 2019). The samples are dried in the oven by pre-treatment at 105 °C. The difference
between the weights at 450 °C and 105 °C gives the loss of organic matter, converted to organic
carbon by multiplying by van Bemmelen factor of 1.724. The SIC content is obtained by
observing the weight loss between 450 °C and 950 °C and multiplying it by a conversion factor
0f 0.273 to convert the mass of CO; into mass of carbon.

This method is interesting for applications involving many samples. Furthermore, it allows for
the determination of organic, inorganic, and total carbon. It has demonstrated its ability to

estimate the SOC and SIC in arid regions (Wang et al., 2012).

PARENTAL
MATERIAL

Parent material plays a major role in
carbonate accumulation in the soil, as
it is the main source of Ca2+, Mg2+

Organic amendments have
proven beneficial overall for the

or Na+. Although in some cases
exogenous inputs, notably wind
deposits rich in these elements, also

SIC accumulation. In contrast,
nitrogen fertilisation favours the
leaching of SIC

have an influence

In most cases, irrigation,
particularly in dry areas, has
proved beneficial for the SIC

accumulation. However, in
some regions with acid soils, it
has contributed to leaching.

The influence of SOC on the
dynamics of SIC is highly
debatable. Many studies

have concluded that the
increase in SOC is linked to
the leaching of SIC, but
others have found, on the
contrary, a significantly
positive relationship between
the two. This is even more
intrigning because some of
these contradictory results
were obtained under almost
similar soil conditions.

V4

SOIL DEPTH

SIC generally increases
with depth. Numerous
studies have highlighted
accumulation in the
subsoil rather than in the
topsoil.

pH is one of the most
important factors in SIC's
dynamics. Acidic pH
generally promotes leaching,
while alkaline pH leads to
accumulation.

SIC accumulation is generally
favourable in arid, semi-arid and
semi-humid climates. Increased
precipitation generally seems to

lead to leaching.

Numerous studies have demonstrated
different SIC content from grassland to
farmland or forest. Furthermore, the
conversion of farmland or desert to
grassland or forest has been linked either
to an increase in SIC content or to a
decrease. In addition, afforestation was
associated with an increase in SIC
accumulation in arid areas of China and
desertification with a loss.

Fig. 2.8. Factors affecting SIC dynamics.
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2.6. Soil inorganic carbon dynamics

This involves measuring the amount of inorganic carbon in the soil and assessing its spatio-
temporal variations. The aim is to quantify the capacity of soil to store carbon and identify
factors that may enhance or reduce soil carbon sequestration. In most cases, the calculation of
SIC stock is a powerful tool for assessing the evolution of the inorganic carbon pool related to
land use (Wu et al., 2009), especially in agriculture with fertilization (Bughio et al., 2016) and
irrigation (Zhang et al., 2015), or to changes in vegetation cover, especially in drylands with
afforestation (Chang et al., 2012) or desertification (An et al., 2019). The results highlight the
factors that lead to the accumulation or loss of SIC, as shown in Fig. 2.8.

Estimation of carbon storage is generally based on two analytical approaches that use distinct
processes. The first is the estimation of SIC storage, which is limited to estimating the capacity
of the soil to sequester inorganic carbon, regardless of SIC type (Ellert et al., 2007; Mi et al.,
2008; Ayala-Nifio et al., 2020). The second category focuses solely on the storage of SIC in

the form of pedogenic carbonates (Rabenhorst et al., 1984; Liu et al., 2023).
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Table 2.2. Comparison of methods for measuring SIC content.

Methods Usage Accuracy Rapidity of the Cost Use of Possibility of Environmental Improvement
measurement chemical operator friendliness
process reagents error
Calcimetry
SIC + - + + + + +
Dry combustion SIC, SOC,
++ + + + + - +
STC
Titration
SIC - - ++ ++ ++ - i
MIRS
SIC + ++ - - - 4t ++
Ramped SIC, SOC,
. + + + - + - +
combustion STC
Lot SIC, SOC,
+ + - - + - +
STC

- low or reduce; + good or important; ++ very good or very important
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2.6.1. Soil inorganic carbon storage

Estimating SIC storage or stock requires knowledge of soil inorganic carbon content and bulk
density. It is generally based on three parameters: SIC content, layer thickness, and bulk
density.

The commonly used equation is as follows:

SICs; = Dy X Hy X SIC; X — Eq.2.13

When the thickness of the soil under study is several layers, the equation becomes.

SIC; = ¥y Dy X Hy X SIC; X — Eq.2.14

where SICs;, D;, H; and SIC; are the soil inorganic storage (kg m), bulk density (g cm™),
thickness (cm), and soil inorganic carbon content (g kg!) of layer i. n is the number of layers.
The inorganic carbon stock of the soil can also be calculated using the Batjes (1996) equation
to calculate the organic carbon stock for an individual profile with k layers, which was rewritten

and adapted for inorganic carbon (Wang et al., 2010).

SICl=plXPlXDlX(1—Sl) Eq 2.15
This equation was used for the case of one layer. When the profile consists of several layers,

the equation becomes.

SIC, =YK SIC; =%F ,pix P, x Dy x (1—15;) Eq.2.16
where k is the number of horizons, SIC; is the soil inorganic carbon content (Mg m ~2), p; is
the bulk density (Mg m>), P; is the proportion of inorganic carbon (gC g ') in layer i, D; is
the thickness of this layer (m), and S; is the volume fraction of fragments >2 mm.

The first estimation method is the most widely used for computing SIC storage. For example,
Tan et al. (2014) used it to assess SIC stocks under different soil types and land uses in the

Loess Plateau region of China. Liu et al. (2022) also used this method to analyse SIC storage
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in steppe riparian wetlands under pressure from human activity. Many other studies have used
it to estimate the evolution of carbon stock (organic and inorganic) under different land use
regimes (Wu etal., 2009; Zhang et al., 2015; Shi et al., 2017; Zhang et al., 2021). The difference
between the two approaches lies in the fact that the second (Eq. 2.13) considers the proportion
of the volume of soil considered occupied by the granulometric fraction greater than 2 mm
(rock fragments). This contrasts with the second approach, which only considers the fine
fraction (less than 2 mm). For soils with a large coarse fraction, the Batjes (1996) approach

seems more realistic, as the first approach could result in an overestimation of the carbon stock.

2.6.2. Pedogenic carbonate storage
The approach for estimating pedogenic carbonate stocks was that of Salomons and Mook
(1976). The calculation is based on stable carbon isotope values according to the following

equation:

813C(soiny—613C
0 P — (soil) (PM) % 1 E 2 1
WPC = S —st5c g X 100 q. 2.17

where % PC is the proportion of total pedogenic carbonate, & 13C(50”) is the measured bulk
carbonate value for a particular soil depth, & 13C(pM) is the measured bulk carbonate value of
the parent material, and §3C (pc) 18 the measured pedogenic carbonate value.

The method was originally developed by Rabenhorst et al. (1984) to estimate the amount of
pedogenic carbonate in the soil profile. It has proven useful for analysing the formation of
pedogenic carbonates related to fertilization and irrigation (Wang et al., 2014; Bughio et al.,
2016), variation in vegetation cover (Landi et al., 2003) and conversion of natural vegetation
to agricultural land (Mikhailova et al., 2018).

In comparison with the approach involving the calculation of SIC storage without
discriminating the type of inorganic carbon, it seems more realistic in estimating the evolution

of the carbonate stock resulting from pedogenetic processes. However, the approach based on
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estimating the evolution of SIC still allows for an idea of the evolution of the inorganic carbon
pool, and studying changes over the chronosequence provides a fairly realistic picture of the

dynamics in relation to any factor.

2.7. Modelling soil inorganic carbon

There has recently been growing interest in the use of models that predict the spatial and
temporal variation of soil properties (Heuvelink et al., 2021; Liu et al., 2022; Yan et al., 2022).
Recent advances in statistical, geostatistical and machine learning techniques has considerably
increased the ability to collect, analyse and predict spatial information relating to soils (Brevik
etal., 2016). As highlighted by Sun et al (2021), understanding spatio-temporal changes in soil
conditions is important to support food production, environmental sustainability and adaptation
to climate change. Few studies have been conducted to analyse the spatial and temporal
distributions of inorganic carbon in the soil (Table 2.3). Compared to SOC modelling, scientific
work on SIC modelling is not as well-developed. The objectives pursued in the development
of models vary enormously, as do the modelling methods and environmental parameters. For
example, Hirmas et al. (2010) aim to develop a process-based model predicting the evolution
of pedogenic calcite that takes account of hydrology and landscape position and to apply the
model to understand the response of SIC to elevated atmospheric CO> concentrations. The
environmental parameters in this case are the precipitation threshold and the topographic index
threshold. A one-dimensional compartmental thermodynamic model is used to simulate calcite
precipitation and dissolution. Such a model is difficult to reproduce in other contexts because
it is limited to a particular type of landscape, in this case mountainous terrain (South Fry
Mountains, USA). More recent models (Sreenivas et al., 2016; Yang et al., 2017; Filippi et al.,
2020) focus more on the distribution of SIC at larger scales (regions, countries). They are all
based on numerical approaches. However, the choice of the predictive model and variables
differs. While Sreenivas et al. (2016) and Yang et al. (2017) opt for random forest (RM) as a
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predictive model, Wilford et al. (2015) preferred a cubist model while Filippi et al. (2020)
choose a two-step approach. Random forest model to predict the presence or absence of SIC
and separate model to predict SIC content. If the random forest model that appears here in most
of these studies would have proven its ability to predict reliable values for other soil properties
such as SOC (Khaledian and Miller, 2020), the high heterogeneity of SIC in soil must be
considered, which justifies the use of the two-step approach (Filippi et al., 2020). Furthermore,
except for de Soto (2017) these models do not consider other soil properties among the
environmental parameters, however it has been shown the influence of pH on distribution of
SIC (Shi et al., 2012; Yang et al., 2012). Succinctly put, all this highlights the need for
continued development and testing of more predictive models for studying the spatial and

temporal evolution of SIC with minimal uncertainty.
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Table 2.3. Summary of modelling approaches used for SIC studies

Approach Goal Region and Number  Parameters Inputs or environmental co- Depth Regression  Reference
extent of variable (m)
samples
or pits

One-dimensional Develop a process- USA, 16 pits - Precipitation Geomorphic delineation; sediment 1.5 - (Hirmas et al.,
compartmentalized based pedogenic southern threshold (Q) collected from dust traps; Detailed 2010a)
thermodynamic calcite model that Fry - Topographic index soil descriptions (percent sand and
model accounts for landscape = Mountains threshold (A) clay, and bulk density);

hydrology and - Precipitation; Temperature; Time

geomorphic position step (optically stimulated

luminescence dates)

Machine learning ~ Understand the Australia 1311 Soil Carbonate Soil and geological maps; Climate;  0.0-0.1 0.5 (Wilford et al.,
using Cubist environmental controls samples distribution Vegetation; Terrain; Remotely 0.6-0.8 2015a)
model on soil carbonate sensed mineralogy and

formation and geochemistry

preservation in the

landscape
Machine learning  Predicting the spatial India 1198 SIC content Climate; Land cover; Rock type 1 - (Sreenivas et al.,
using Random distribution of SIC samples Soil type; Multi-year NDVT; 2016a)
Forests model content Irrigation status
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Table2.3 (continued)

Approach Goal Region and Number  Parameters Inputs or environmental co- Depth Regression  Reference
extent of variable (m)
samples
or pits
Machine learning ~ Analyse the vertical China, 99 pits SIC stock Digital elevation model; Climate | 0.84-0.86 (Yang et al.,
using Random distribution of SIC northeastern data; Landsat 5 Thematic Mapper; 2017a)
Forests model based on pedogenic Tibetan Latitude and longitude
knowledge in different  Plateau
landscapes
PHREEQC Analysing the effect of  Spain, - Carbonate content Land uses systems; monthly soil 0.2 - (de Soto et al.,
numerical model irrigation on carbonate  Ebro Basin water balances; soil characteristics 2017a)
dynamics in the
ploughed layer of
agricultural soils
Two step predict the presence or  Australia, 154 SIC presence and SIC  Satellite imagery; Land use; 0.3-0.5 (Filippi et al.,
modelling absence of SIC in the South Wale  samples content Topographic data; Geological 2020a)

approach, random
forest model to
predict the
presence or
absence and
separate model to
predict SIC

content

study area, then using
a separate model to

predict SIC content

units; Gamma radiometrics
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2.8. Multidisciplinary applications of SIC

2.8.1. Ecosystem services

The term "ecosystem service" refers to the functioning of the Earth's life support system and
the direct and indirect benefits humans derive from nature. Therefore, it represents part of the
planet’s total economic value (Costanza et al., 1997). To this end, soil properties including pH,
bulk density, cation exchange capacity and SOC are considered from the angle of their
influence on so-called “ecosystem services”, classified into four categories (Adhikari and
Hartemink, 2016): (i) provisioning services (direct or indirect food for humans, fresh water,
wood, fiber, and fuel); (ii) regulating services (regulation of gas and water, climate, floods,
erosion, biological processes such as pollination, and diseases); (iii) cultural services (aesthetic,
spiritual, educational, and recreational); and (iv) supporting services (nutrient cycling,
production, habitat, and biodiversity).

Although these key properties do not include SIC at the onset, Groshan et al. (2018)
demonstrated that SIC is important for all four categories of ecosystem services (Fig. 2.9).
According to his study, the entire projected value of SIC storage in the top two meters of soil
is evaluated at $5.17 trillion for the United States of America. This is not insignificant and
leads the authors to suggest that SIC should be included in the ecosystem services framework
for the United Nations (UN) Sustainable Development Goals. A study by Mikhailova et al.
(2021) demonstrates that the total estimated monetary midpoint value for SIC on ecosystem
services is estimated at $17.22 billion in the state of South Carolina (USA). While it is much
lower compared to that of SOC, which is $107.14 billion, it is still significant and shows that
sustainable management policies can help avoid additional carbon dioxide emissions. It enables
the quantification of the impact of SIC on services and commodities. This should be further

developed to establish clear sustainable development goals, as in the case of organic carbon.
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Fig. 2.9. Ecosystem services of SIC based on the work of Groshans et al. (2018).

2.8.2. Pedogenic carbonate and palaeoreconstruction

Pedogenic carbonates-based proxies are widely used for analysing past environmental
conditions that prevail during their formation (Dar et al., 2015; Khormali et al., 2020). This
information on past carbonate pedofeatures is related to their stable carbon and oxygen isotope
compositions. In principle, as shown by Cerling (1984), the isotopic signatures of §'°C and
5'%0 in pedogenic carbonate are controlled by the isotopic compositions of soil CO, and water,

respectively (cf. Section 2.4.3).
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The §'3C values of pedogenic carbonates can be used to infer the types of plants that grow in
the area, which can help researchers to understand past ecological and environmental
conditions. The relative abundance of C3 and C4 plants in local vegetation controls the §'°C
value of pedogenic carbonate. Owing to isotopic discrimination by photosynthetic pathways,
the 8'3C of CO; under C3 plant species (-27 %o on average) differs from that under C4 species
(-13 %o on average) (Cerling et al., 1997). Furthermore, the development of a particular
vegetation type might be associated with climatic conditions. For example, Dar et al. (2015),
in a Late Quaternary loess palaecosol sequence, associated C4 plant biomass development
towards the top of sections with water stress and/or reduced atmospheric pCO> and increased
aridity.

The §'80 values of pedogenic carbonate are controlled by the oxygen isotopic composition of
the meteoric water from which the carbonates originated (Cerling, 1984). In most cases, this
can be linked to the climatic conditions of the region, particularly the rainfall (Liu et al., 1996)
and temperature (Orr et al., 2022). One of the most effective methods is the clumped isotope
method. This provides a better picture of the temperatures that prevailed during the formation
of pedogenic carbonates (Eiler, 2011).

The isotopic composition of pedogenic carbonates can also be useful for palacolandscape
analysis (Heilbronn et al., 2015). Palaeoenvironmental reconstruction through pedogenic
carbonates is an interesting tool not only for understanding past environments, but also for
analysing the natural processes favouring the precipitation of carbonates in the soil. However,
its use is delicate and meticulous because Monger et al. (2009) show that the analysis of §'°C
as an indicator of the biome varies according to the scale of observation. Furthermore, the
precipitation—recrystallization processes of carbonates within the same profile could affect the

carbon and oxygen isotope values.
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2.8.3. Geochronology

Pedogenic carbonates can also provide chronology of past events. By dating the formation of
carbonates, researchers can determine the timing of environmental changes such as changes in
vegetation cover or climate conditions. Radiocarbon dating is the most used method to date
pedogenic carbonates (Dal Sasso et al., 2018; Ernst et al., 2019; Golubtsov et al., 2021).
However, other dating methods have also been used, such as the uranium—thorium method
(Bockheim & Douglass, 2006; Durand et al., 2007; Valera-Fernandez et al., 2020) and optically
stimulated luminescence (OSL) dating (Diaz et al., 2016; Dietrich et al., 2021).

The principle of radiometric dating is based on the disintegration of a parent isotope into a
daughter isotope. As explained by Ambers (2005), Uranium series dating utilises the two
natural uranium decay chains (from parent U and ?*°U) and their progeny. The zeroing
process here is usually the formation of calcite from carbonates (with uranium present as an
impurity) carried in solution. Since the primary long-lived daughter, *°Th, is largely water
insoluble, in any process involving dissolution and redeposition of uranium there will be
effectively no thorium present in the newly formed crystal matrix, and provided the system
remains closed, the proportions of generated thorium and other daughters can be used as a
clock. Age ranges and precision vary with uranium content of each sample, but in general the
method can cover a period between 1000 and 100000 years before present (BP) to error limits
of ~£1% of age.

For radiocarbon dating, it is assumed that the parent carbon is derived from soil carbon dioxide
and is fixed by calcium or magnesium ions to precipitate pedogenic carbonate (Amundson et
al., 1994). The C activity measured and the age of the pedogenic carbonate are linked by the

following decay equation (Pigati, 2013).

A= Aoe—)lt Eq 2.18
Where A and A, are the measured and initial '*C activities of the material, respectively; A is
the decay constant of '*C; and t is the time elapsed since precipitation.
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According to Amundson et al (1994), carbon dioxide in soils is a mixture of CO> from two
biological sources: the respiration of living plant roots and the respiration of micro-organisms
decomposing soil humus. The relative proportion of these two sources of CO» can significantly
affect the initial '*C content of the pedogenic carbonate: the greater the contribution of humus-
derived CO, the higher the initial '*C age of the carbonate mineral. As the soil ages, the '*C
age of soil humus increases, as does the '*C age of steady-state soil CO> and the initial '*C age
of any pedogenic carbonate which forms. The average '“C age of a nodule or a complete layer
of pedogenic carbonate underestimates the true age of the soil carbonate. This discrepancy
increases with the age of the soil. According to Callen et al (1983), radiocarbon dating of
pedogenic carbonates in the southern Strzelecki Desert, South Australia, showed inversions
and inconsistencies along single horizons. The authors attribute these observations to a certain
recrystallisation of the carbonate, characterised by several generations of micrites. However,
Kovda et al. (2014) showed that '*C dating of carbonate pedofeatures performed for selected
specimens was a reliable technique in the southern part of European Russia. This demonstrates
that the use of the radiocarbon dating technique is only necessary if certain preconditions are
met. Firstly, the initial '*C activity of a material must be in isotopic equilibrium with
atmospheric '*C at the time it precipitated. Secondly, it must behave like a closed system in
terms of carbon after precipitation, i.e. secondary carbon (contaminant) is not added to or
exchanged with atmospheric carbon (Pigati, 2013). This is why Amundson et al. (1994)
recommended partial removal of the outer (and younger) carbonate layers, which considerably
improves the relationship between the measured '“C age and the true age. In general, it is better
to opt for a multidisciplinary approach that combines dating and micromorphological
observations to overcome this difficulty (Dal Sasso et al., 2018).

Some recent work has introduced OSL dating to determine the age of pedogenic carbonates.
OSL dating is based on the fact that if a mineral is exposed to sufficient light (e.g., sunlight),

some or all of the stored energy will be lost. It allows researchers to obtain dates from mineral
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grains (Elias, 2023). The approach to dating pedogenic carbonates is to target fractions of
residual minerals trapped in the carbonate features concerned. As with other dating methods,
the results of Diaz et al. (2016) obtained for the dating of pedogenic carbonate nodules in the
Far north of Cameroon show that minerals from the inner part of the nodule are suitable for
OSL dating. This technique, which is currently being developed, would undoubtedly merit
more attention for the dating of pedogenic carbonates, particularly in systems where aeolian

inputs are predominant.

2.8.4. Geoarchaeology

Soil carbonates can be used as indicators of past human life patterns, and to study the
distribution and environment of past animal life. This approach is based on the relationship
between stable carbon and oxygen isotopes in soil carbonates, vegetation, and the climate.
Hopley et al. (2023) established that carbon isotope data from fossil carnivores are in close
agreement with palaco-vegetation reconstructions from §'*C of palacosol carbonates from the
same geological members, as well as a similar long-term trend in §'*C values, reflecting a
progressive increase in the proportion of C4 grasses in the Turkana Basin. In the Turkana Basin,
Quinn and Lepre (2020) revisited the study of Wynn (2000), which focused on the
reconstruction of Australopithecus anamensis habitats from stable isotopes of carbon and
oxygen analyses of pedogenic nodules collected from palacosols spanning the Kanapoi
stratigraphic interval showed that Kanapoi provided Australopithecus anamensis with a variety
of habitats and a wide range of C3-C4 resources as the C4 biome expanded in East Africa.
Pedogenic carbonates collected from palacosols are therefore an interesting tool for studying
archaeological sites. Given the active role of irrigation and fertilization in the concentration of
pedogenic carbonates in modern agricultural soils, this tool could also be of interest for

analysing palaeo-land use at certain archaeological sites.
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2.9. Critical knowledge gaps and future directions for SIC research

Much has been done to advance research into SIC, however, compared with SOC, there
is still a lot to be done to improve our understanding of SIC dynamics. Notable among the
areas that need further studies are:

The preferential precipitation of certain forms of carbonate like rhizolith around the
roots of specific plant species in drylands as highlighted by some studies, remains to be
explained, suggesting some kind of biological mediation. Some forms of carbonate involve the
concomitant action of both abiotic and biotic pathways, but the respective contribution of each
pathway and the interactions between them remain unclear.

The biomineralization of carbon dioxide by oxalotrophic bacteria is an emerging
research field that is tending to demonstrate a pathway for the accumulation of SIC in tropical
forest regions. However, no quantification of the potential of this approach at landscape scale
has been provided. Furthermore, the transfer of fixed carbon from plants to the soil is also an
interesting issue in terms of the potential of this pathway.

The stable isotopes of carbon and oxygen, and the clumped isotopes now make it possible to
understand the climatic and ecological environmental conditions that favoured the formation
of pedogenic carbonates. They are therefore used to reconstruct palaeoclimate and
palaeoenvironment. However, the accuracy of reconstructing atmospheric temperature using
clumped isotopes and stable isotope values is debated for two main reasons: seasonal variation
in the accumulation of pedogenic carbonates and post-formation changes are still not well
understood.

By using the 37Sr/%6Sr isotope ratio, combined with the volume or mass ratio between the
quantity of calcium contained in the parent material and the quantity contained in the soil or in
pedogenic carbonate components, it is now possible to quantify the carbon dioxide sequestered
through the formation of pedogenic carbonates. However, this type of analysis is still recent

and raises a number of reservations. The first concerns the tracing of the origin of calcium,
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based on an indirect approach that assumes similar geochemical behaviour between strontium
and calcium ions, which have the same ionic radius. More direct analyses using calcium isotope
ratios are currently being developed and could help to give a more realistic picture. The second
caveat is that current quantifications have been carried out based on a single parent material
responsible for supplying calcium ions to the system, whereas many studies demonstrate the
contribution of several sources. It would therefore be necessary to develop approaches that
consider the contributions of each of the sources in the sequestration balance.

Much work has been done on the dynamics of SIC stocks as a function of land management,
particularly the effects of afforestation (Gao et al., 2017; Hong and Chen, 2022; Liu et al.,
2022), desertification ( Moharana et al., 2023; An et al., 2019), agriculture (Bughio et al.,
2017a; Deane McKenna et al., 2022), and land cover (Kuznetsova et al., 2010; Shi et al., 2012;
Liu et al., 2020), in the arid regions of China, Australia, North America, Russia and the rest of
Asia. However, very few studies have been carried out in that regards in Africa and Latin
America, even though they have huge dryland. It is therefore necessary to extend this type of
approach to these two important regions of the world. A World-scale strategy for analysing the
dynamics of SIC is needed. This will provide a more realistic picture of current SIC stocks. In
addition, it is necessary to highlight all the factors that influence the SIC dynamics.

The most used SIC quantification techniques today are either slow, limited to SIC analysis
only, imprecise, or too polluting (Elfaki et al., 2016; Apesteguia et al., 2018; Leogrande et al.,
2021). The spectroscopic techniques already used in some studies (McCarty et al., 2002;
Grinand et al., 2012; Du et al., 2013), should be further explored as they are less time-
consuming, do not destroy samples, are environmentally friendly and have already produced
good results. They are also well suited for large-scale studies (Bricklemyer et al., 2011; Grinand
etal., 2012; Martin et al., 2013; Comstock et al., 2019; Barthes et al., 2020). Efforts are needed
to calibrate them on the largest possible number of soils and to continue developing non-

destructive, environmentally friendly techniques.
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Few studies have been carried out to develop models for predicting changes in the SIC
(Sharififar et al., 2023). The random forest model is the most widely used and has produced
very good results (Sreenivas et al., 2016; Yang et al., 2017; Filippi et al., 2020). However, more
realistic models that consider the high concentration heterogeneity in the SIC distribution
should be developed (Filippi et al., 2020b). The choice of appropriate environmental
parameters also remains a problem, as the parameters used vary considerably from one study
to another (Hirmas et al., 2010; Wilford et al., 2015; de Soto et al., 2017). This would likely
affect the accuracy of the models obtained.

As Groshans et al. (2018) show, quantifying the impact of SIC management on ecosystem
services provides a clear financial picture of the damage caused by poor policy choices in terms
of ecosystem management. However, this type of analysis is not yet widespread enough around
the world. It would be interesting to analyse it on a larger scale.

As the scope of this paper is inherently broad, mapping global research trends, hotspots and
methodological developments in SIC research over the past two decades rather than providing
an in-depth, mechanistic treatment of every process discussed in the underlying literature. We
therefore recognise that a number of process-related issues have not been fully addressed in
this analysis, including, amongst others: (i) the influence of temperature on carbonate
precipitation in soils, and its interaction with other pedogenic factors; (i1) whether a threshold
or boundary condition in climate can be defined that favours the development of carbonate
features on felsic versus mafic parent rocks; (iii) the extent to which the degree of soil
carbonation can be predicted from parent material and/or climate; (iv) the information that can
be extracted from the macromorphology of carbonate nodules and concretions, and how this
complements the micromorphological and geochemical proxies discussed in Section 4; (v) the
differentiation of C3, C4 and CAM plant carbon sources within carbonate nodules, which
remains difficult to resolve, particularly where several vegetation types have coexisted or

shifted over time; (vi) the influence of carbonate morphology on the isotopic signature of
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carbonate features; and (vii) the dissolution-precipitation-reprecipitation behaviour of calcium
and magnesium carbonates in soils, since the present review has focused predominantly on
calcium carbonate and has given comparatively little attention to dolomite and other Mg-
bearing carbonates.

We further recognise that, as with any bibliometric analysis, our results may be subject to a
geographic and language bias inherent in the databases used. Scopus and Google Scholar, while
broad in coverage, tend to index a larger proportion of English-language journals and research
originating from North America, Europe, and parts of Asia than from other regions. This may
partly explain the apparent underrepresentation of SIC research from Africa and Latin America
among the hotspots identified in Section 2.3, despite the extensive drylands present in these
regions. Future bibliometric assessments of SIC research would benefit from incorporating
regional and non-English-language databases to provide a more complete picture of global

research effort.

2.10. Synthesis and Conclusion

The future of soil inorganic carbon research is promising. It has gained global traction
among soil and carbon scientists in the last two decades. Geography and technological know-
how tend to have influence on the SIC research themes. Drylands provide suitable
environments and act as natural laboratories to unravel SIC dynamics. More studies should
therefore be better carried out in dryland ecosystems. This review has identified a need to
develop a global research strategy for the creation of awareness on the potentials of SIC given
its prevalence in dry environments, which account for 30 % of the world's continental land. In
the wake of the United Nations Sustainable Development Goals, the role of SIC in providing
life-sustaining ecosystem services deserves more attention. The USA has been able to tag a
monetary value to SIC-associated ecosystem services. It is important to extend similar
valuation exercises to other environments as this would promote the conservation and

sustainable use and management of SIC resources.
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Scientific strides to improve our understanding of SIC formation pathways should further
explore the biomineralization of carbon dioxide by oxalotrophic bacteria. This emerging
research field holds great prospects to provide insight into pathways of SIC accumulation in
both tropical forest regions and drylands. Such an approach could enable scientists to better
assess the effective contribution of this pathway to soil carbon sequestration.

Analytical methods in SIC research should be further developed to improve the
accuracy of the results while being environmentally friendly. There is a need to further develop
predictive models and the resulting digital mapping, which would not only give us an idea of
the current SIC sink, but also help us to analyse future stock trends. This will allow to construct
a global scale strategy in SIC management. Beaming more research light on the poorly
understood aspects of SIC will invariably bridge the knowledge gaps needed for management
of SIC for robust ecosystem functioning and achieving soil-relevant sustainable development

goals.
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CHAPTER THREE

Distribution and Potential of Rare Earth Elements Fingerprinting as Tracers for

Carbonate Sources in Soils Developed on Contrasting Parent Materials?

Abstract

While the use of rare earth elements (REE) to examine soil processes is an increasingly popular
approach, very few studies have investigated its application to the study of dominant soil
genetic processes at the landscape scale in semi-arid environments. This study analyses the
distribution and fractionation of REEs in 12 soil profiles from different lithologies in the
Kalahari Basin of Botswana (BKB) and examines their relationships with pedogenetic
processes, calcium carbonate origin and pH. The results show significant variability in total
REE contents (12.8 - 193.2 mg kg™!) in the soil profiles, depending on the soil parent material.
Total REE abundance within soil profiles show a strong correlation with clay-associated
elements, such as Al (r=0.8) and K (r=0.7), as well as with iron Fe (r = 0.6). These correlations
suggest that clay formation plays a primary role in REE enrichment in the soil profiles. On the
other hand, the moderate positive correlation with Ca (r = 0.4) indicates a minor contribution
from calcium carbonate accumulation to REE enrichment. pH shows weak positive correlations
with REE content across the full soil profile (r < 0.2), reflecting negligeable influence on REE
distribution in the study soil profiles. The fractionation ratios between light REEs and heavy
REEs (LREEs/HREEs) range from 0.6—1.5 in soil profiles on alluvial and fluvio-lacustrine
sediments, 0.4-0.9 from those on basaltic and sandstones rock, and 0.7-1.1 from those on
sands, clays, calcretes and silcrete. Given the previously demonstrated preferential

complexation of HREEs in pedogenic carbonates, these results suggest a mixed pedogenic and

2 This chapter is based on a paper co-authored with Charles Kono Ebede, Thierry Bineli Betsi, and
Peter  N. Eze;  published  in Geoderma  Regional, 43 (2025), e01009.
https://doi.org/10.1016/j.geodrs.2025.e01009
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lithogenic origin for calcium carbonates in soil on alluvial and fluvio-lacustrine sediments, and
in soils on sands, clays, calcretes and silcretes. Soils on basaltic and sandstone rocks, on the
other hand, have a purely pedogenic origin. The results of this study provide a solid baseline
for understanding REE distributions in the BKB and tracing the origin of calcium carbonate in
semi-arid environments.

Keywords: Arenosols; Calcisols; Geochemical proxies; Pedogenesis; Vertisols.
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3.1. Introduction

Rare earth elements (REEs) are attracting increasing interest because of their use in various
fields, including manufacturing, electronics and medicine, but above all, in the development of
renewable energies, particularly batteries used in electric vehicles, which are set to become the
world's main transport solution (Balaram, 2019). Also, their distribution and fractionation in
the Earth's crust, soil, water and plants, has gained global scientific attraction. This is because
they can be used not only to guide REEs exploration (Cao et al., 2024; Gadea and Khan, 2024;
Sababa et al., 2021) or the exploration of other mineral resources (Batch et al., 2024; Carrasco-
Godoy et al., 2024) and identifying potential environmental issues (Li et al., 2020; Sharma et
al., 2024), but also to trace geochemical and geodynamic processes (Bozkaya et al., 2024; Li
et al., 2024; Zhang and Shields, 2023).

Due to their unique pattern in geological materials, REEs in soils present a vast and complex
field, with numerous studies demonstrating their significant contributions to various soil
processes. For example, numerous works have shown that REEs can influence soil organic
carbon and nitrogen cycles (Chu et al., 2007; Song et al., 2025). Additionally, these elements
are frequently utilised as indicators of specific soil processes, such as soil aggregate dynamics
(Peng et al., 2017; Pucetaite et al., 2025; Wang et al., 2020) or erodibility. Numerous studies
have demonstrated that REE fractionation in soils is associated with pedogenic processes, such
as the accumulation of secondary minerals, including clays, iron, aluminium and manganese
oxides, and carbonates (Andrade et al., 2022; Cantrell and Byrne, 1987; Haldar et al., 2025;
Laveufet al., 2008). Moreover, REE fractionation in soil is associated with soil properties such
as organic matter content and pH (Lin et al., 2022a; Nouazi Momo et al., 2019). Gradually,
studies are establishing large-scale analyses not only of the distribution of REEs in soils but
also of their fractionation as a function of soil type, thus establishing the links between REEs
and pedogenic processes, as well as the respective contributions of pedogenetic factors to REE

distribution and fractionation (Alfaro et al., 2018; Mihajlovic et al., 2019; Temga et al., 2021).
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Nevertheless, the use of REEs fingerprinting to trace pedogenetic processes is largely under-
studied using soils from southern Africa's arid and semi-arid regions, where it could provide a
better understanding of pedogenic processes, especially in the differentiation of the origin of
calcium carbonate in soil. Soil calcium carbonate, also known as soil inorganic carbon (SIC),
constitutes both an important carbon reservoir in the soils of this region and a pathway for
trapping atmospheric carbon dioxide (Dina Ebouel et al., 2024). It should be noted that carbon
sequestration through this pathway is largely dependent on its origin. Pedogenic carbonates are
formed through the fixation of calcium ions (Ca?") from parent material weathering in the soil
by bicarbonate ions (HCO3), which themselves may come from root and microbial respiration
(Zamanian et al., 2016). Lithogenic carbonate, on the other hand, originates from accumulation
through sedimentary processes of calcium carbonate over geological timescales (Monger,
2014b). To ascertain the origin of soil carbonates, Laveuf and Cornu (2009) explained that
differentiation between pedogenic and lithogenic carbonates could be performed via the
LREE/HREE ratio, as pedogenic carbonate accumulation favours enrichment in HREE rather
than LREE and is therefore linked to LREE/HREE < 1. In contrast, lithogenic carbonates
favour enrichment in LREE rather than HREE and are characterised by LREE/HREE > 1.

The Botswana Kalahari Basin (BKB) presents a natural laboratory where the interplay of a
strong semi-arid climate, vast and relatively uniform aeolian parent materials, diverse
underlying geology, and a long, dynamic environmental history creates a rich environment for
dissecting the intricate processes of pedogenetic processes including, clay formation and
calcium carbonate accumulation. Therefore, this study uses twelve prominent soil profiles in
three contrasting geological settings in the Botswana Kalahari Basin to investigate the
distribution of REEs in the semi-arid soils and, explore relationship between REE and
pedogenic processes, including the origin of calcium carbonate. The results demonstrate that
total REEs distribution in the study was controlled by the lithology, whereas clay and calcium

carbonate were the main controller of variation within soil profile. Moreover, REEs elements
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allow to differentiate areas dominated by lithogenic carbonates from those dominated by

pedogenic carbonates.

3.2. Environmental setting

As shown in Table 3.1, the study area covers seven distinct localities, stretching from southern
to northern Botswana. It is characterised by two major geological units in Botswana, covering
almost 80 % of Botswana's surface area including the Carboniferous to Jurassic Karoo
Supergroup and the overlying Post-Cretaceous Kalahari Group (Key and Ayres, 2000).

The Karoo Supergroup Formations lithostratigraphic descriptions highlight two units (Lower
and Upper Karoo) separated by an unconformity (Bordy, 2020; Smith, 1984). The Lower
Karoo consists of Permo-Carboniferous glacial deposits of the Dwyka Group (diamictite,
varvite and sandstone) overlain by Permian coal-bearing fluvio-deltaic deposits of the Ecca
Group (coal-bearing, carbonaceous mudstone, white poorly cemented arkosic sandstone) and
Permo-Triassic fluvio-lacustrine Formations of the Beaufort Group (non-carbonaceous
mudstone, thin limestone, claystones). The Upper Karoo on the other hand consists of fluvial
and aeolian deposits from the Upper Triassic to Lower Jurassic of the Lebung Group (red
mudstone and sandstone), underlain by Lower Jurassic basaltic lavas of the Stromberg Group.
The Kalahari Group defines the sedimentary deposits that make up the Kalahari Basin.
According to Haddon and McCarthy (2005), the Kalahari Basin formed in response to
progressive uplift of the interior of southern Africa, probably starting from the late Cretaceous.
This process modified the regional drainage and initiated the filling of the basin with sediments.
The first deposits, dated to the Cretaceous, consisted of coarse gravels, poorly sorted gravels,
interbedded sands and clays, and thick layers of clay. The second phase of deposition, dating
from the mid-Miocene, took place in a context of tectonic stability and is associated with the
formation of silcretes and calcretes. This phase was followed by tectonic uplift (late Miocene
to Pliocene), which led to erosion, reworking and redeposition of the sand by aeolian processes

during drier periods and characterised by the sand deposits (Kalahari dunes). The last phase
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was characterised by the extension of the East African rift system into southern Africa, which
led to the formation of local depressions such as the Okavango Rift Zone, accompanied by the

formation of alluvial fans (McCarthy et al., 1997).

Table 3.1. Geographical coordinates and background knowledge of the studied soil profiles

WRB Soil Parent Full profile
Place Longitude E  Latitude S Profile classification Material description in
Arenic .
Parakarungu 24.311566 18.040334 POQ Kastanozems Fluvio- D|na; E;)(c))ggl et
. al., ;
Shorobe 23.750539  19.68151 SHP3 Arenosols lacustrine Eze and
Northern sediment of
. Molwalefhe,
. the Kalahari
Maun 23.552429 19.894046 M1P1 Calcisols 2024;
Group
Eze et al., 2021
Orapa 25.361653 21.370347 K1P1 Arenosols
Serowe 26.724539 22.397943 SP1 Vertisols Sandstone
isol of Lebung
Serowe 26.73758 22.409965 SP2 Vertisols Group and
Serowe 26.699978  22.372358  Central sP3 Vertisols basalticlava  Ezeetal., 2025
of the
Serowe 26.730806  22.444278 SP4 Luvic Vertisols Stormberg
Group
Takatokwane  24.327817  24.007793 TK1 Arenosols Alluvial
sands and
Takatokwane  24.319076  23.319076 TK2 Arenosols clays, Matshameko
calcretes etal., 2022 ;
Southern and silcretes Matshameko
Letlhakeng 25.036667 24.107063 LT1 Calcisols duricrusts of etal, 2023
the Kalahari
Letlhakeng 25.020381 24.110472 LT2 Calcisols Group

As illustrate in Fig. 3.1, the soil profiles in the northern part (POQ, SHP3, M1P1 and K1P1)
are underlain by a series of alluvial and fluvio-lacustrine deposits of the Kalahari Group. These
sediments would have been deposited during several fluctuation cycles of a Quaternary mega-
palaeolake including the depression fan formed by the Okavango Rift Zone and the
Makgadikgadi Basin (Burrough et al., 2009). The landscape at Okavango consists of dunes,
marshes, sand ridges and carbonate islands; which is the result of palaecoenvironmental and
palaeodrainage changes during the Quaternary; and is associated with (neo)tectonic processes
(Mokatse et al., 2022a). The landforms of the Makgadikgadi Basin include salt pans, dunes,
shorelines and deltas (Burrough, 2022). The vegetation comprises a mixture of forest and
grassland areas. The main types of forest vegetation are mopane forests, dominated by

Colophospermum mopane, and Baikiaea forests, while the grasslands are dominated by
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communities of grasses covered by a few Acacia spp. Terminalia sericea or Philenoptera nelsi
(Vittoz et al., 2020).

The soil profiles in the central part of Botswana, located around Serowe (SP1, SP2, SP3 and
SP4) are characterised by soils formed on outcrops of Formations from the Karoo Supergroup.
In particular, the basaltic lavas of the Stormberg Group and the sandstone Formations of the
Lebung Group (Franchi et al., 2021). The geomorphological unit of the sector is the eastern
Hardveld, which covers the southeastern to east-central areas of Botswana. It is distinguished
by gently sloping plains that protect Precambrian mountains and hills as well as lone ravines
connected to severe erosion (Atlhopheng et al., 2022). The typical vegetation is a bush
savannah (Ringrose et al., 2003), characterised by woody species such as Acacia erioloba, A.
mellifera, A. hebeclada, A. fleckii, Terminalia sericea, Lonchocarpus nelsii, Boscia albitruna,
Grewia flava, G. retinervis, Dichrostachys cinerea, Ziziphus mucronate and herbaceous
species such as Aristidia uniplumis, Eragrostis latimanniana, Schmidtia bulbosa, Antephora
pubescens, and Aristida meridionalis (Ringrose et al., 1998). This natural land cover is deeply
marked by agricultural activities and infrastructure development (Atlhopheng et al., 2022).
The southern soil profiles (TK1, TK2, LT1 and LT2) are formed on sand, clay, calcretes and
silcretes of the Kalahari Group (Kampunzu et al., 2007). These superficial deposits are rarely
thicker than 30 m, but they change to other unconsolidated sands with intermediate layers of
calcrete and silcrete (Carney, 1994). They overlie a thick layer of basaltic lava (Stormberg
Group) and fluvio-glacial, deltaic, and lacustrine sedimentary rocks (Smith, 1984). This zone
is characterised by savannah vegetation, consisting mainly of Ziziplus Mucronata, Terminalia
Sericea, Acacia Tortius, Boscia Albitrunca and grass species. The soils are mainly used for
agriculture, in particular for grazing and the production of food crops, but also for the extraction
of clay for pottery (Matshameko et al., 2022). The study area is covered by a semi-arid climate,
with average annual rainfall decreasing from north to south from 600 mm to approximately

300 mm (Andringa, 1984).
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Fig. 3.1. Geological background of the sampling area.

3.3. Materials and methods

3.3.1. Materials

Reconnaissance field trips were organised from 2020-2022, spanning from the north to the
south of Botswana. Following this reconnaissance phase, 12 representative soil profiles were
selected (Fig. 3.1). The profiles were described in accordance with the FAO (2006) soil

description guidelines.
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Four soil profiles were selected from the fluvio-lacustrine deposits of northern Botswana,
including a 6 m profile along an open quarry at Parakarungu (POQ) and three 2 m soil pits at
Shorobe, Maun and Orapa (SHP3, M1P1 and K1P1). Description resulted in the classification
of the POQ profile as arenic Kastonozems, characterised by a sand fraction greater than 70
wt.%, a dark black colour, an organic matter content greater than 0.6 wt.% in the topsoil horizon
and calcium carbonate accumulation in powder form or as soft nodules. SHP3 and K1P1 were
classified as Arenosols, characterised by sand fraction greater than 70 wt.% and calcium
carbonate accumulation as powder coating sand particles (Fig. 3.2A). M1P1 was classified as
Calcisols, characterised by and indurated calcic horizon (Fig. 3.2B) with a calcium carbonate
content 31 wt.%. Details descriptions are given in Dina Ebouel et al. (2025); Eze et al. (2021)
and Eze and Molwalethe (2024). The physico-chemical properties are summarised in Table 2.
Based on macromorphological descriptions, calcium carbonates features observed along those
soil sections have been described from pedogenic origin (Eze et al., 2021; Eze and Molwalethe,

2024), while Nash (2022) highlighted a lithogenic origin.
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Table 3.2. Physico-chemical properties of northern soil profiles

Profile Horizon Silt (wt.%) Clay (wt.%) Sand (wt.%) EC (uS/cm) SOM (wt.%)
A 0.8 14.8 84.4 200 0.6
Bkk1 1.9 15.7 82.2 800 0.4
M1P1 Bkk2 1.8 23.3 74.9 900 0.3
Bkk3 2.4 34.7 62.9 5500 0.2
Ck 1.6 19.0 79.4 1500 0.2
A 6.4 304 63.2 230 0.4
K1P1 AC 1.3 18.3 80.4 4650 0.3
Cl 0.6 12.9 86.5 2050 0.3
Cc2 0.1 13.5 86.4 800 0.2
AP 4.3 45.4 50.3 220 0.5
AC 1.1 14.4 84.5 190 0.4
Ck1 1.3 18.3 80.4 190 0.3
POQ Ck2 0.6 12.9 86.5 550 0.3
Ck3 0.1 13.5 86.4 580 0.2
Cka 1.4 15.0 83.7 780 0.2
CFS 0.6 5.8 93.6 200 0.2
CVFS 2.7 38.0 59.3 1081 0.2
Al 2.5 28.2 69.4 300 0.5
AC 2.6 40.9 56.5 750 0.2
SHP3 C1 3.5 40.2 56.4 2570 0.2
C2 3.4 51.6 45.0 1700 0.2
Cc3 3.0 37.0 60.0 1330 0.4

Particle size distribution of the samples was determined by laser diffraction using a Malvern 2000 Mastersizer analyser;
EC was determined in a solution with a soil/deionised water ratio of 1/2.5, in accordance with the recommendations of
the FAO guidelines for soil description (WRB, 2006); SOM was determined by wet oxidation (Walkley and Black, 1934).

Four soil profiles formed on the Stormberg basalt and Lebung sandstone Formations were also
selected in central Botswana, around Serowe. Four soil pits of 2 m (SP1, SP2, SP3 and SP4)
were used for descriptions. SP1, SP2 and SP3 have been classified as Vertisols, characterised
by deep, wide cracks, Gilgai microrelief and slickensides. The clay fraction was greater than
30 wt.% and consisted mainly of montmorillonite. SP4 was classified as Luvic Vertisols,
characterised by deep, wide cracks, Gilgai microrelief and slickensides. But the clay fraction
was 20 wt.% and consisted mainly of montmorillonite. Soft nodules of calcium carbonates and
diffuse powder were observed in the four described profiles (Fig. 3.2C). Morphological
characterisation of Eze et al. (2025), point out a pedogenic origin. Details descriptions of the
soil profiles are given by Eze et al. (2025). Nevertheless, Table 3.3 presents the physico-

chemical properties of the soil profiles.
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Table 3.3. Physico-chemical properties of central soil profiles

Profile Horizon Silt (wt.%) Clay (wt.%) Sand (wt.%) EC (uS/cm) SOM (wt.%)
A 21.3 10.0 68.7 70 0.9
Bkl 33.3 10.0 56.7 100 0.9
sp1 Bk2 35.3 8.0 56.7 140 1.0
Bk3 37.3 14.0 48.7 220 1.2
Bssl 333 12.0 54.7 250 1.4
Bss2 53 10.0 84.7 230 1.4
Ap 25.3 14.0 60.7 120 0.5
Bssl 47.3 8.0 44.7 590 0.6
<p2 Bss2 453 10.0 44.7 1090 0.6
Bss3 51.3 8.0 40.7 1110 0.6
Bkss 39.3 12.0 48.7 920 0.4
Bt 33.3 6.0 60.7 670 0.3
A 21.3 30.0 48.7 120 1.4
Bkss1 35.3 30.0 34.7 140 1.2
Bkss2 37.3 34.0 28.7 400 1.2
P4 Bk 353 28.0 36.7 290 1.1
Bkkm1 45.3 18.0 36.7 300 0.9
Bkkm?2 43.3 16.0 40.7 250 0.6
Ap 35.3 18.0 46.7 130 3.5
Btl 45.3 14.0 40.7 100 2.6
sps5 Bt2 49.3 16.0 34.7 180 2.7
Bk 1.3 24.0 74.7 100 3.5
Bkkm1 13 10.0 88.7 90 0.9
Bkkm?2 1.3 6.0 92.7 100 1.0

Particle size distribution of the samples was determined by laser diffraction using a Malvern 2000 Mastersizer analyser;
EC was determined in a solution with a soil/deionised water ratio of 1/2.5, in accordance with the recommendations of
the FAO guidelines for soil description (WRB, 2006); SOM was determined by wet oxidation (Walkley and Black, 1934).

Four soil profiles formed on sands, clays, calcretes and silcretes of the Kalahari Group were
selected in the southern Botswana. Soil pits of 2 m, two at Takatokwane (TK1 and TK2) and
two at Letlhakeng (LT1 and LT2) were used for descriptions. TK1 and TK2 were classified as
Arenosols, characterised by more than 70 wt.% of sand fraction and single grain structure. A
diffuse powder of calcium carbonate was observed throughout the profile, coating the sand
grains. LT1 and LT2 were classified as Calcisols, characterised by soft calcium carbonate
nodules features in the Bk horizon (Fig. 3.2D) and diffuse powder coating soil peds (Fig. 3.2E).
Calcium carbonate features in this environment originated from both lithogenic and pedogenic
processes (Kampunzu et al., 2007). Details descriptions of these soil profiles are given in
Matshameko et al. (2023, 2022). However, key physico-chemical properties are presented in

Table 3.4.
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Table 3.4. Physico-chemical properties of southern soil profiles

Profile Horizon Silt (wt.%) Clay (wt.%) Sand (wt.%) EC (uS/cm) SOM (wt.%)
A 6.0 25.9 68.1 110 4.7
AB 4.0 27.7 68.3 120 4.4
Bkl 12.0 31.9 56.1 130 3.9
Bk2 15.6 25.4 59.0 130 3.6
LT1 Btl 15.9 30.9 53.2 180 2.7
A 7.8 25.3 66.9 100 4.6
AB 12.0 31.8 56.2 800 4.0
Bkl 3.9 25.8 60.3 100 4.8
Bk2 11.9 27.8 60.3 200 4.0
LT2 Btl 16.8 29.4 63.8 750 2.8
TK101 14.8 19.2 66.0 6450 1.3
TK1 02 3.9 28.1 68.0 4600 1.8
TK103 12.8 49.2 38.0 4290 1.7
TK1 04 8.8 35.2 56.0 3640 1.1
TK1 05 4.8 17.2 78.0 1920 0.9
TK1 TK1 06 3.9 15.0 81.1 3850 0.9
TK2 01 2.0 8.9 89.1 2520 1.2
TK2 02 3.2 20.0 76.1 3120 0.8
TK2 03 8.8 53.2 38.0 4650 1.1
TK2 04 2.0 21.2 76.8 4310 1.1
TK2 05 4.4 13.2 82.4 4210 1.7
TK2 TK2 06 1.5 23.2 75.3 4420 1.1

Particle size distribution of the samples was determined by laser diffraction using a Malvern 2000 Mastersizer
analyser; EC was determined in a solution with a soil/deionised water ratio of 1/2.5, in accordance with the
recommendations of the FAO guidelines for soil description (WRB, 2006); SOM was determined by wet oxidation
(Walkley and Black, 1934).

A total of 68 soil samples were taken according to genetic horizons for further analysis in the

laboratory.
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Soft nodule

of calcium carbonate

Diffuse powder
of calcium carbonate

Fig. 3.2. Calcium carbonate atures in the study profiles A. Diffuse pov&}der coating sand grains
in K1P1; B. Indurate layer in M1P1; C. soft nodules and diffuse powder coating peds in
Vertisols in profile SP3; D. Soft carbonate nodules in TK2; E. Diffuse powder coating peds in
TK2.

3.3.2. Laboratory analysis

The soil pH was determined in a 1/2.5 soil: deionised water ratio solution as recommended in
FAO Guidelines for soil description (WRB, 2006). The carbonate content of the soil was
determined with an Eijkelkamp calcimeter using the Scheibler method, in accordance with

NEN-ISO 10693. In this method, the carbonates present in the sample react with hydrochloric
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acid (4 M HCl), generating CO» gas. The volume of CO; produced is measured volumetrically
using a burette system and the carbonate content is expressed as calcium carbonate equivalent
(CaCO:s). Calibration was carried out using calcium carbonate standards (0.2 g and 0.4 g
CaCO03), and blank determinations were performed to account for potential contamination.
Results were calculated using the standard formula, incorporating corrections for blank values
and moisture content (ISO 11465). Results obtained in g kg™' were converted to weight percent.
The total elemental composition of the samples was determined at the Minerals-Geochem
Laboratory of SGS, Randfontein, South Africa. The suite of major rock-forming oxides
(reported in wt.%) was determined via the XRF (X-ray fluorescence) borate fusion method. A
sample weighing 0.7 g was mixed with lithium tetraborate flux and fused to form a
homogenous glass bead. The borate fusion was followed by analysis of the glass beads via a
wavelength dispersive X-ray fluorescence spectrometer. The loss on ignition (LOI) at 1000 °C
was determined separately by gravimetry. The REE contents were determined by inductively
coupled plasma—mass spectrometry (ICP-MS), using the sodium peroxide fusion method. A
sample (0.2-2.0 g) was weighed into a crucible containing Na>O> and NaOH. The mixture was
then fused. The sample was leached, acidified and brought to volume. The sample was then
analysed via ICP-MS, and the results are reported in mg kg™!. Analytical quality control was
maintained throughout the analysis by including certified reference materials, analytical blanks
and duplicate samples in each batch of analysis. OREAS 906, AMIS0355 and AMIS0534
certified reference materials were systematically analysed at the beginning and end of each
analytical run. The concentrations measured for these certified reference materials were
systematically within + 5% of their certified values, confirming the accuracy of the analytical
methods. Analytical blanks were also included to control for potential contamination, and all
values measured in the blanks were below the respective detection limits. Precision was

assessed by analysing duplicate samples, with relative percentages of difference generally
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below 5% for most elements whose concentrations were above their detection limits. The
exception was P, for which the difference was 10%.

Potential spectral interference between barium (Ba) and europium (Eu) isotopes, particularly
from BaO polyatomic ions on Eu, is a well-documented concern in samples analysed by ICP-
MS (Pourret et al., 2022). This interference typically becomes significant when the Ba/Eu ratio
exceeds 10000 (Zepeda et al., 2024). Crucially, for the samples in this study, all measured
Ba/Eu ratios were found to be below 2500 (Appendix 3.1), indicating that this specific

interference did not significantly impact the accuracy of the Eu measurements.

3.3.3. Data processing

Given the large number of soil profiles involved in this study, boxplots were used to represent
the vertical variation in pH and CaCOs content for each profile. The vertical variation of each
major element was also represented in the same way.

The REE contents in the soil profiles of the study were normalised to the concentrations of the
upper continental crust (UCC) (Taylor and McLennan, 1985) to illustrate vertical variation of
REEs. The cerium (Ce/Ce*) and europium (Eu/Eu*) anomalies, along with the LREE/HREE
fractionation ratio, were calculated using UCC values as a reference (Taylor and McLennan,
1985).

To analyse potential relationships between pH or CaCOs and REEs distribution and
fractionation in the study area, a correlation matrix was calculated using Spearman's rank
correlation coefficient, a non-parametric method that evaluates monotonic relationships
between variables. The results were visualised in a heat map, where a colour gradient was used
to indicate the strength and direction of the correlations. The same approach was also used to
analyse the relationship between major elements and REEs, but a complementary principal
component analysis (PCA) was used to identify the major identified groups. All these statistical
analyses and representations were carried out using R version 4.3.3. A rigorous pre-processing

procedure was undertaken to ensure the robustness and meaningful interpretation of the results.

111



Values below the detection limit were initially replaced by half their respective lower detection
limits. Subsequently, a natural logarithm transformation (log(x)) was applied to all variables to
mitigate the undue influence of highly concentrated elements and to normalise their
distributions. Finally, standardisation was performed by subtracting the mean of each variable
from its individual values and then dividing by its standard deviation. This ensured that all
variables contributed equally to the PCA, possessing a mean of zero and a standard deviation

of one.

3.4. Results

3.4.1. Soil pH and carbonate content

Soil pH and the calcium carbonate content in each of the studied soil profiles are presented via
boxplots in Fig. 3.3. The general pattern shows great variability in calcium carbonate content
and pH between the profiles. The CaCOs content varies greatly among the different profiles,
from an average of 2.6 wt.% in SP3 to 18.5 wt.% in M1P1. Two main groups can be
distinguished. The first group highlights the profiles with relatively high CaCO3 contents
(M1P1,POQ, SP4, LT1,LT2, TK1, and TK?2), average of content varies from 9.1 wt.% to 18.5
wt.%. The second group highlights those with relatively low CaCOs3 contents (K1P1, SHP3,
SP1, SP2, and SP3). The average content ranges from 2.6 wt.% to 6.9 wt.%. The northern
(M1P1, POQ, SHP3, K1P1) and southern (LT1, LT2, TK1, TK2) profiles with average content
generally above 10 wt.%, except K1P1 and SHP3, have relatively high calcium carbonate
contents, whereas the central profiles (SP1, SP2, SP3, SP4), with average content below 7
wt.%, except for SP4, have relatively low contents. The pH also varies considerably between
the profiles, ranging from approximately 7—10. Two main groups can be observed, one with a
neutral to slightly alkaline pH (SP1, SP2, SP3, and SP4) and the other with alkaline to strongly
alkaline pH (M1P1, K1P1, POQ, SHP3, LT1, LT2, TK1, and TK?2). The northern and southern

soil profiles have relatively high pH values, with average pH mostly above 8, whereas the
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central soil profiles have relatively low pH values, with average pH commonly below 8, except

for SP2.
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Fig. 3.3. Boxplot showing the variation in A. calcium carbonate content (wt.%) and B. pH in
the study soil profiles. The box (orange for calcium carbonate content and grey for pH)
represents the interquartile range. The lower and upper limits of the box represent the 25th
percentile and the 75th percentile respectively. The horizontal line inside the box represents
the median. The whiskers extend to the minimum and maximum values within 1.5 x IQR. The
cross represents the mean.

3.4.2. Major elements

The major element contents for all the profiles are presented in a table on the Appendix 3.2.

The general pattern shows that Si is the dominant element across all profiles, with
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concentrations ranging from 25.1 to 45.9 wt.%. Other significant elements include Ca (0.1-
13.8 wt.%), Al (0.1-7.5 wt.%), Fe (0.5-7.2 wt.%), and Mg (0.1-4.6 wt.%). Potassium is
generally less than 2 wt.%, Na remains under 1.8 wt. There are a few peculiarities in this
general pattern. As Fig. 3.4 shows, in the central profiles (SP1 to SP4), Al is the second most
abundant element after Si, with average values ranging from 4.5 wt.% to 7.1 wt.%. In contrast,
in the northern (M1P1, K1P1, POQ, and SHP1) and southern (LT1, LT2, TK1 and TK2)
profiles, Ca is the second most abundant element, with averages ranging from 1.9 wt.% to 6.6
wt.% in the north and 3.8 wt.% to 9.9 wt.% in the south.

The boxplots (Fig. 3.4) also show different trends in major elements distribution along the
profiles. While Si values are relatively clustered around the mean in almost all the profiles, the
other elements show very contrasting distributions along the profile, generally in relation to
location. The alkali and alkaline-earth element (Ca, Mg, Na, and K) exhibit distinct distribution
patterns. However, when the three observation groups (northern, central, and southern profiles)
are considered, a general trend emerges. These elements are most abundant in the south,
followed by centre, while the lowest concentrations are observed in the north. In the northern
profiles, the average concentrations range from 1.9 to 6.6 wt.% for Ca, 0.9 to 1.4 wt.% for Mg,
0.1 to 0.8 wt.% for K, and 0.2 to 0.3 wt.% for Na. In the central profiles, Ca ranges from 2.2 to
8.5 wt.%, Mg from 1.0 to 3.4 wt.%, K from 0.4 to 0.7 wt.%, and Na from 0.4 to 1.2 wt.%.
Finally, in the southern profile, Ca varies from 3.8 to 8.7 wt.%, Mg from 0.9 to 2.2 wt.%, K
from 0.8 to 1.5 wt.%, and Na from 0.4 to 1.0 wt.%. Iron follows broadly similar distribution
patterns across the study area. The highest concentrations are found in the central profiles,
where Fe ranges from 3.0 to 6.8 wt.%. The southern profile has intermediate values, with Fe
ranging from 0.9 to 2.5 wt.% The lowest concentrations occur in the northern profiles, where

Fe varies between 1.0 and 1.5 wt. %.
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Fig. 3.4. Distribution of major elements (%) in the soil profiles. The box represents the
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the mean.
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3.4.3. Rare earth elements

The concentrations of each REE across all profiles are presented in the table Appendix 3.3. The
UCC-normalised curves of each of the studied profiles are presented in Fig. 3.5. The europium
(Euw/Eu*) and cerium (Ce/Ce*) anomalies and LREE/HREE ratios are shown in Table 3.5.
Vertical variation, characterised by the graduation range on the y axis, reveals two main
behaviours. M1P1, KI1P1, SHP3, SP1, LT1 and LT2 are represented by larger ranges
(maximums vary from 2 to 4), whereas POQ, SP2, SP3, SP4, TK1 and TK2 are represented by
smaller ranges (maximums vary from 0.8 to 1.5). The curves at the top in all the northern
profiles, except POQ, represent horizons rich in calcium carbonate (Bk, Bkk or Ck). On the
other hand, the top curves in the central profiles represent clay horizons (Bt or Bss). The
southern profiles present contrasting situations. The curves at the top of LT1 are those of
horizons rich in calcium carbonates (Bkl and Bk2), whereas for LT2 they are both clay
horizons (Bt) and horizons rich in calcium carbonates (Bk1 and Bk2). The curves at the top of
the TK profiles represent horizons rich in calcium carbonate (Ck).

Furthermore, the shapes of the normalisation curves reveal three distinct patterns, all typified
by positive Eu anomalies. In the northern profiles, the curves are relatively flat on both the left
and right sides of Eu. The majority have a convex inflection at Eu. In the central profiles, the
curves mostly have positive slopes from La to Eu before flattening out from Eu to Lu. In the
southern profiles, the normalisation curves have predominantly gentle positive slopes from La
to Eu, followed by gentle negative slopes from Eu to Lu. A convex inflection is also observed.
In the northern profiles, the Ce/Ce* vary as follows: 0.8—1.1 in M1P1, 0.7-1.1 in K1P1, 0.7—
1.1 in POQ, and 0.4-1.2 in SHP3. The Eu/Eu* range from 1.0-3.8 in M1P1, 1.2-3.2 in K1P1,
1.8-5.6 in POQ, and 1.1-5.6 in SHP3. The LREE/HREE ratios vary between 0.6 and 1.1 in
MI1P1,0.8 and 1.1 in K1P1,0.7 and 1.5 in POQ, and 0.9 and 2.0 in SHP3. In the central profiles,
the Ce/Ce* varies from 0.8 to 1.0 in SP1, 0.7 to 0.8 in SP2, approximately 0.9 in SP3, and

approximately 1.0 in SP4. The Eu/Eu* are between 1.1 and 1.5 in SP1, 1.3 and 1.5 in SP2, 1.3
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and 1.5 in SP3, and 1.4 and 1.6 in SP4. The LREE/HREE ratio ranges from 0.6 to 0.9 in SP1,

approximately 0.6 in SP2, 0.5 in SP3, and approximately 0.5 in SP4. In the southern profile,

the Ce/Ce* is approximately 1.0 in LT1 and LT2 and approximately 0.9 in TK1 and TK2. The

Eu/Eu* ranges from 1.4-3 in LTI, 1.0-1.7 in LT2, 1.3—1.5 in TK1, and 1.1-1.5 in TK2. The

LREE/HREE ratio is between 0.7 and 1.1 in LT1, 0.7 and 0.9, approximately 0.8 in TK1, and

between 0.7 and 0.9.
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Fig. 3.5. REE contents normalised to the UCC in the twelve soil profiles
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Table 3.5. Cerium anomalies (Ce/Ce*), europium anomalies (Eu/Eu*) and LREE/HREE ratios

normalised to the UCC in the study profile

Profile  Layer Ce/Ce* Eu/Eu* LREE/HREE | Profile Layer Ce/Ce* Eu/Eu* LREE/HREE | Profile Layer Ce/Ce* Eu/Eu* LREE/HREE
A 1.1 1.0 0.8 A 1.0 1.1 0.9 A 0.9 3.0 1.1
Bkk1 1.0 3.8 11 Bssl 0.8 1.4 0.7 AB 1.0 1.4 0.8
M1P1  Bkk2 0.8 19 0.6 Bss2 0.9 1.2 0.6 LT1 Bk1 1.0 1.4 0.8
Bkk3 1.0 17 0.8 > Btl 0.8 1.2 0.7 Bk2 0.9 2.3 0.9
ck 1.0 2.7 0.9 Bt2 0.9 15 0.8 Bt 0.9 1.3 0.7
A 0.7 1.2 0.8 C 0.9 1.4 0.6 A 1.0 1.0 0.7
AC 0.8 2.7 11 Ap 0.8 14 0.6 AB 1.0 1.4 0.8
k1P c1 11 21 0.9 Bssl 0.8 15 0.6 LT2 Bk1 1.0 1.7 0.9
C2 1.0 3.2 11 Bss2 0.8 1.4 0.6 Bk2 0.9 1.3 0.8
Ap 0.9 1.8 0.7 P2 Bss3 0.8 1.4 0.6 Bt 0.9 1.2 0.7
AC 0.9 3.7 0.9 Bkss 0.8 15 0.6 A 0.9 1.3 0.8
ck1 0.9 4.0 1 Bt 0.7 13 0.7 Ck1 0.9 1.4 0.9
Ck2 0.7 5.6 13 A 0.9 1.4 0.5 Ck2 0.9 1.4 0.8
PoQ ck3 1.0 4.2 11 Bssl 0.8 1.4 0.5 T ck3 0.9 1.5 0.9
Ck4 0.9 29 0.8 Bss2 0.8 13 0.5 Cs 0.9 1.3 0.8
CFS 0.9 19 0.8 3 Btl 0.8 14 0.5 Cka 0.9 1.8 0.8
CVFS 11 3.8 15 Bt2 0.9 15 0.5 A 0.8 1.4 0.7
A 0.4 35 2 Bt3 0.9 15 0.5 Ck1 0.9 1.2 0.8
AC 12 5.6 14 A 1.0 16 0.5 ck2 0.9 1.5 0.9
c1 1.0 29 1 Bss 1.0 16 0.5 TK2 ck3 0.9 1.4 0.9
SHPS o) 1.0 1.1 1 Btk1 1.0 1.5 0.5 Csl 0.9 1.3 0.8
! 1.0 14 0.9 P4 B 0.9 16 0.5 cs2 0.9 11 0.8
Ck1 0.9 1.5 0.4
Ck2 0.9 1.4 0.4

3.4.4. Relationships between REEs, calcium carbonate content, and pH

Rare earth element indices, including Ce/Ce*, Eu/Eu*, LREE/HREE, LREE, HREE, and
> REE, were correlated with pH and calcium carbonate content using a Spearman correlation
matrix at significance level o = 0.05 (Fig. 3.6).

The general dataset is presented in the matrix of Fig. 3.6A reveals several interesting
relationships between the studied parameters. CaCOj; content has a weak positive correlation
with the LREE/HREE ratio (r = 0.3), Eu/Eu* (r = 0.2), and Ce/Ce* ratio (r = 0.3). The pH of
the samples has a moderate negative correlation with HREEs (r =-0.3), and a moderate positive

correlation with LREE/HREE (r = 0.3).
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The second matrix (Fig. 3.6B) presents the results for the northern profiles (M1P1, K1P1, POQ
and SHP3). No correlation is observed, neither between CaCO3 content and REE indices, nor
between pH and REE indices.

The third matrix (Fig. 3.6C) shows the results in the central profiles (SP1 to SP4). The CaCOs
content has a strong negative correlation with ) REE (r=-0.6) and LREE (r =-0.6). In contrast,
a strong positive correlation is observed with Eu/Eu* (r = 0.7). No correlation is observed
between the pH and REE indices.

The fourth matrix (Fig. 3.6D) shows the results for the southern profiles (LT1, LT2, TK1 and
TK2). The CaCO3 content has a moderate positive correlation with LREE/HREE (r = 0.5) and
Ce/Ce* (r=0.5). In contrast, the pH is strongly negatively correlated with } REE (r =-0.7) and

HREE (r =-0.7).
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3.4.5. Correlation between REEs and major elements

The correlation results between REE indices and major elements for all the studied profiles,
assessed at significance level o = 0.05, are shown in the matrix in Fig. 3.7A. The major
observations are presented below.

> REE is strongly positively correlated with Al (r =0.8), Fe (r=0.6) and K (r=0.7). > REE shows
moderate positive correlations with Ca (r = 0.4) and weak correlations with Na (r = 0.3. No
correlation is observed between Y REE and Mg, while a strong negative correlation is observed
with Si (r =-0.6). HREEs exhibit very strong positive correlations with Al and Fe (r > 0.8), strong
positive correlations with K (r = 0.6), and moderate positive correlations with Ca and Na (r = 0.4—
0.5). It shows a weak positive correlation with Mg (r = 0.2), while a strong negative correlation
with Si (r = -0.8) is observed. LREE is strongly positively correlates with Al and K (r = 0.6-0.7),
moderately with Fe (r = 0.5), weakly with Ca and Na (r = 0.3), and not at all with Mg. A strong
negative correlation is observed with Si (r = -0.6). LREE/HREE shows a moderate positive
correlation with Si (r=0.5) , and strong negative correlations with Al, Fe and Na (r =-0.6 to -0.7).
Eu/Eu* shows a weak negative correlation with Al and Na (r = -0.2 to -0.3). Ce/Ce* weakly
correlates with Ca (r = 0.3) and has weak negative correlations with Na, (r = -0.3).

This general pattern contrasts with the situation observed in each of the groups studied, categorised
by parent material. In the northern part (Fig. 3.7B), REE abundance (LREE, HREE and ) REE)
shows a very strong positive correlation with Al, K, and Ti, a strong positive correlation with Fe,
while a very strongly negative is observed with Si. REE indices (LREE/HREE, Eu/Eu* and
Ce/Ce*) are generally characterised by low correlation coefficients with the major elements. In the
central region, the correlation matrix (Fig. 3.7C) shows a generally weak correlation between the
abundance of REE, REE indices, and the major elements. In the southern part (Fig. 3.7D), the
abundance of REEs shows a strong positive correlation with Al, Ca, Fe, Mn, P and Ti, and a strong

negative correlation with Si. The REEs indices are characterised mainly by a weak correlation.
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Principal component analyses (PCA) were conducted to visualise the relationships between
variables. The results for the general pattern are illustrated in the correlation circle (Fig. 3.8A).
The first two principal components (Dim1 = 52.3 % and Dim2 = 14.5 %) capture 66.8 % of the
total variance. Most major elements (Al, Fe, Mg, K, Ca, Na) and the XREE, LREE and HREE are
clustered together, pointing towards the positive direction of Dim1. Nevertheless, K, Al, LREE,
HREE and XREE are projected in the positive direction of Dim2, while Ca, Mg, Na and Fe are in
the negative direction. Silica, LREE/HREE, and Eu/Eu* are located on the left side of the plot,
pointing towards the negative direction of Dim1. Silica and LREE/HREE are positively correlated
with each other and align somewhat with the positive Dim2 axis. Aluminium, Fe, Mg, Na, HREE,
YREE, LREE, K, Si, LREE/HREE are represented by long vectors, close to the circle, while
Eu/Eu* and Ca are represented by short vectors. Ce/Ce* is represented by very short and centred
vector.

The PCA for the northern part (Fig. 3.8B) confirmed the results observed in the correlation matrix,
with a cluster comprising REE abundance, Al, Ti, K and Fe, all of which were positively correlated
with Dim1 (47.3% of the total variance). Nevertheless, Dim2 (15.4% of the total variance) is
positively correlated with Eu/Eu* and Ca. These first two dimensions of the PCA account for
62.7% of the total variance.

The PCA of the central part (Fig. 3.8C) also confirmed the weak correlation observed between the
concentration of major elements and abundance of REE. However, the cluster composed of Mn,
Fe, Ti and Mg, which is strongly positively correlated with Dim1 (51.7% of the total variance), is
negatively correlated with the LREE/HREE ratio. Dim1 (25.3% of the total variance) is strongly
positively correlated with the HREEs, Eu/Eu* and K. The first two dimensions account for 77%
of the total variance.

The PCA of'the southern part (Fig. 3.8D) reveals a cluster comprising all the major elements except

Mg and Na, all of which are strongly positively correlated with REE abundance and Dim1 (61.5%
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of the total variance). Silicon, in contrast, appears in the opposite direction, reflecting a strong

negative correlation. Dimension Dim2 accounts for 13.8% of the total variance and is strongly

correlated with the LREE/HREE ratio and Eu/Eu*. The first two dimensions of the PCA explain

75.3% of the total variance.
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Fig. 3.8. Correlation circle of REE indices and major elements A. All the study profiles; B. The

northern profiles; C. The central profiles; D. The southern profiles.
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3.5. Discussion

3.5.1. Distribution of REEs

The distribution of REEs across the study area suggests considerable variability between the
soil profiles, ranging from a minimum average of 12.8 mg kg™! in POQ profile to a maximum
average of 193.2 mg kg! in LT2 profile. The overall pattern suggests differences in REE
contents among the three contrasting parent materials. The northern profiles, on alluvial and
fluvio-lacustrine deposits of the Kalahari Group are characterised by wide variations between
(12.8 mg kg! for POQ and 68.5 mg kg™ for SHP3. The central profiles, on sandstone and
basaltic parent material of the Karoo Supergroup are characterised by relatively intermediate
values and a less pronounced variation in the average values between profiles (average value
ranges from 57.4 to 69.9 mg kg'!), except for SP1 (103.8 mg kg™!). The southern profiles, the
domain of sands, clays, calcretes and silcretes of the Kalahari Group, show a contrast between
the two observation sites. Profiles LT1 and LT2 are characterised by relatively high values
(average value are 117 mg kg™! and 150.6 mg kg™! respectively for LT1 and LT2), while TK1
and TK2 are characterised by relatively low values (average value are 40 mg kg™ and 44.3 mg
kg! respectively for LT1 and LT2). The distribution of REEs in the absence of any human
intervention (anthropogenic activities) is explained by two main factors: parent material and
soil development (Ambrosino et al., 2022; Laveuf and Cornu, 2009). Thus, following this
approach, the variations along the profile, which generally show enrichment or depletion of
certain REEs compared with others, are attributed to soil factors (soil development and soil
properties), while the differences in content between soil profiles largely reflect the changes in
parent materials, from which the soil inherits its REE concentration (de S Paye et al., 2016).
In the northern region, the parent material is made of alluvial and fluvio-lacustrine sediments,
which are themselves derived from the weathering of diverse parent rocks drained by

watercourses such as those that make up the Okavango delta today or the mega palaeolake
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(Burrough et al., 2009; McCarthy et al., 1997). Moreover, the sediments in the area also result
from the weathering of nearby geological Formations (Mokatse et al., 2023; Vainer et al.,
2018), relatively to the Okavango rift formation. Furthermore, aeolian deposits from the
Kalahari sand also contribute to the composition of sediments in this area (Garzanti et al.,
2022). This diverse composition of the parent material could therefore explain the high
variability in REE contents observed between these profiles. Low REE values could result from
highly reworked alluvial deposits, whereas high REE values may be associated with sandstone,
clay and calcretes (Haddon and McCarthy, 2005).

According to Eze et al. (2025), the Vertisols and Luvic Vertisols in the central profiles mostly
originated from the weathering of Stormberg basaltic parent materials. This may explain the
relatively low variation in the average REEs between these profiles, as these soil profiles are
derived from the same parent material. Moreover, mafic rocks such as basalt tend to have lower
total REE concentrations than felsic rocks such as granite (Alfaro et al., 2018) do. This explains
the relatively intermediate values (compared with other profiles in the north and the south),
which are probably greater than those in the reworked sand sediment in the north and are less
important than those in some sandstones. However, the exception of SP1 probably highlights
the intervention of a different parent material, as sandstones are intermingled with basaltic
rocks in the region (Franchi et al., 2021).

In the southern soil profiles developed on clay, sand, calcrete and silcrete, the contrasting
values observed between the LT profiles and TK soil profiles could also be attributed to deep
variation in the parent materials. Kampunzu et al. (2007) have shown that soils around
Letlhakeng are predominantly formed over duricrusts, including calcrete and silcrete, and
intergrade with cal-silcrete, which develop on diverse geological materials, such as the

Mmamabula Formation (Ecca Group, Karoo Supergroup), as well as underlying igneous rocks
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and red beds. The Takatokwane soil profiles, on the other hand, were formed on a saline pan
(Matshameko et al., 2023).

The variations in REEs along the profiles demonstrate contrasting behaviours. In the northern
part on alluvial and fluvio-lacustrine deposits most of the profiles, are characterised by
relatively high vertical variation (from 27—163 mg kg™! for M1P1, for example). Moreover, top
curves in the UCC-normalised diagrams (Fig. 3.5), rich calcium carbonate horizons are the
main influencers of the vertical variability. The central profiles, except for SP1, mostly
displayed relatively low variability (from 47-67 mg kg™! for SP2, for example). But all these
profiles have shown that clayey horizons are the dominant actor of vertical differentiation. The
southern profiles presented high variability for LT (from 67—173 mg kg™! for LT1, for example)
and rich calcium carbonates and clayey horizons contribute the most to vertical variability.
Low variability is observed for TK profiles (from 34-56 mg kg'! for TK1, for example), and
rich calcium carbonate horizon are the most important driver of vertical variability. As
demonstrate by several works before, soil formation processes or soil properties, are the main
factors influencing vertical variations in soil profiles (Cao et al., 2022; de Sa Paye et al., 2016;
Mihajlovic et al., 2019). In this case, calcium carbonate and clay tend to have a major influence
on the vertical variation in the investigated profiles. calcium carbonate influence alongside of
pH will be specifically discuss in section 3.5.2, while element behaviour discuss in section
3.5.3 could provide more information about clay influence. Nevertheless, significant
environmental changes from a humid to semi-arid environment have been demonstrated during
the development of soil in the northern profiles (Dina Ebouel et al., 2025; Eze et al., 2021; Eze
and Molwalefhe, 2024). These soil profiles reflect alternating wet and dry periods. This could
also explain the relatively high vertical variability in these profiles (Lin et al., 2022b; Wu et
al., 2024). Moreover, local parameter such as topographic position also has an influence on the

vertical variability of REE (Liu et al., 2022; Yuan et al., 2021).
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In summary, the distribution of REEs among the studied profiles is related to lithology. The
vertical variation within the profiles is primarily influenced by clay abundance in some profiles,

such as SP and TK, and by calcium carbonate accumulation in others.

3.5.2. Calcium carbonate, pH and REE as tracers of carbonate origin in the soils

As it is often the case in semi-arid environments, the soil profiles show the accumulation of
calcium carbonate in various forms, although diffuse powders coating peds or infillings and
nodules are the most common forms observed across the studied soil profiles (Fig. 3.2). The
influence of pH and CaCOs3 on the distribution, mobility and fractionation of REEs in the soil
environment is well documented. Numerous studies have shown, for example, that acidic
conditions favour the dissolution and mobilisation of REEs, whereas alkaline conditions favour
their complexation and immobilisation by calcium carbonate (Cao et al., 2001; Nagasawa et
al., 2024; Wang et al., 2023). Furthermore, Laveuf and Cornu (2009) reported that pedogenic
carbonate formation in arid and semi-arid environments is accompanied by REE complexation,
driven by pH enhancement associated with bicarbonate production. Pourret et al. (2007) also
show that competition for the complexation of REE in the soil by humic compounds and
carbonates is highly dependent on soil pH. Carbonate complexation is maximal at a pH of 10
and increases with alkalinity and the atomic number of the REE (LuCOs3 > LaCQO3). In other
words, alkaline pHs facilitate carbonate complexation of HREEs at the expense of LREEs.
According to Laveuf and Cornu (2009), pedogenic carbonates can be differentiated from other
forms of carbonate (lithogenic) using the LREE/HREE fractionation ratio. Pedogenic
carbonates generally result from the transport of REEs by bicarbonate ions (REEHCO3)*".
Their characteristic signatures include a low LREE/HREE fractionation ratio, which is linked
to the preferential complexation of HREEs by bicarbonate ions. In addition, these carbonates
exhibit a negative cerium anomaly, as cerium is less readily transported in solution than other

LREEs, often due to its oxidation and preferential retention in the solid phase of the soil
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(Kraemer et al., 2017). In the studied context, the general pattern shows no correlation between
the calcium carbonate and REE contents. Nevertheless, a weak positive correlation is observed
with the LREE/HREE fractionation ratio (r = 0.3), with europium (Eu/Eu*, r = 0.2) and cerium
(Ce/Ce*, r = 0.3) anomalies. pH was weakly negatively correlated with HREE content and
weakly positively correlated with the LREE/HREE fractionation ratio. These results
demonstrate that pH and calcium carbonate may not be the primary factors controlling the
abundance and distribution of REEs in the soil profiles. However, the weak correlations
observed with the LREE/HREE fractionation ratio and europium, and cerium anomalies reflect
their roles alongside other factors in the mobility and distribution of specific REEs within the
soil. Furthermore, correlation matrices using the three groups (northern, central and southern
profiles) resulted in very contrasting relationships between pH, calcium carbonate content and
REEs.

In the northern profiles on alluvial and fluviolacustrine deposits, correlation matrix results
failed to establish calcium carbonate and pH contribution to REE abundance. Given the
importance of calcium carbonate in these soils, a strong correlation was expected as
normalisation diagram highlighted the major contribution of rich carbonate horizons on the
vertical distribution of REEs in this environment. These unexpected results could be explained
by the formation processes of calcium carbonate (lithogenic or pedogenic) in these profiles. As
explained by Laveuf and Cornu (2009), pedogenic carbonates are characterised by
LREE/HREE < 1 and negative cerium anomalies. Thus, the high variation in the europium
anomaly (Eu/Eu* = 1-5), cerium anomaly (Ce/Ce* = 0.4-1.2) and the LREE/HREE
fractionation ratio (0.6—1.5) contradict this hypothesis. This discrepancy could highlight the
coexistence of both lithogenic and pedogenic carbonates in these soils. This is consistent with

previous studies carried out in the area. While some authors emphasise the formation of
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pedogenic carbonates as a major pedogenic process (Eze et al., 2021; Romanens et al., 2019),
others show a predominance of carbonates of lithogenic origin (Nash and McLaren, 2003).
For the soils that developed on sandstone and basalt parent materials in central Botswana,
calcium carbonate has a more pronounced influence on the > REE abundance, especially on
LREEs. Nevertheless, the calcium carbonate content seems to be related to a decrease in the
REE content, as illustrated by the strong negative correlation of CaCO3 with > REEs (r =-0.6)
and LREEs (r = -0.6). These intriguing results highlight the complex geochemical behaviour
of Vertisols. These soils are characterised by the abundance of smectite clays, particularly
montmorillonite (Eze et al., 2025), which have been highlighted by normalisation curves to
play a major role in the vertical variability of REEs in these profiles. Moreover,
montmorillonite is known for its enormous capacity to adsorb REEs (Fang et al., 2021).
Furthermore, Vertisols are also associated with the accumulation of pedogenic carbonate in
semi-arid zones (Dietrich et al., 2021a; Miller et al., 2007), characterised in the present study
by soft nodules and diffuse powders coating soil peds (Fig. 3.2C). Although calcium carbonates
are also known for their high REE complexation capacity, their negative influence on REE
enrichment and fractionation in this context could be explained by exchanges between the
calcium ions trapped in the inter-layer space of montmorillonite and the REEs in the
carbonates, as demonstrated by He et al. (2023). Moreover, the negative cerium anomalies
(Ce/Ce* = 0.7-0.8) in the calcium carbonate-rich horizons and low LREE/HREE fractionation
ratio (0.4-0.9) are consistent with an exclusive pedogenic origin of carbonate features (Laveuf
and Cornu, 2009).

In the southern soils which developed on clay, sand, calcrete and silcrete, the correlation matrix
revealed no significant relationship between calcium carbonate content, > REE, HREE and
LREE abundances. Conversely, pH demonstrated a strong negative influence on ) REE, HREE

and LREE abundance (r = -0.7). Nevertheless, moderate positive correlations are observed
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between the calcium carbonate content, the fractionation ratio LREE/HREE (r = 0.5), and the
cerium anomaly Ce/Ce* (r = 0.5). Thus, calcium carbonate accumulation in these soil profiles
is associated with REE redistribution. As for the northern profiles, it is difficult to highlight a
specific process to explain the formation of calcium carbonate in this environment based on
the conclusions of Laveuf and Cornu (2009). The LREE/HREE are between 0.7—1.1, while
very weak cerium negative anomalies (Ce/Ce* = 1) and positive europium anomalies (Eu/Eu*
= 1-3) are observed. Furthermore, normalisation curves demonstrated the importance of
calcium carbonate in the vertical variability of REEs in these profiles. Nevertheless, the early
stage of calcium carbonate features observed in the area (Fig. 3.2D and E) may indicate
dissolution-reprecipitation related to seasonal variations in climate (Dominguez-Villar et al.,
2022). Consequently, lithogenic and pedogenic carbonates coexist in this environment. pH has
a negative influence, as illustrated by a strong negative correlation with the REE content (r = -
0.7 for > REEs, HREEs and LREESs). This negative influence of pH in this context highlights
the need to improve our understanding of the interaction between strongly alkaline pH and
REEs enrichment. Although the influence of acidic pH on the dissolution of REEs has been
demonstrated (Nagasawa et al., 2024), not much have been done to deepen understanding of
the phenomenon observed at pH values above 10.

In summary, the use of correlations on the entire dataset does not allow us to unambiguously
conclude on the role of pH and calcium carbonate content in the enrichment and fractionation
of REEs in the studied soils. However, analysis based on parent materials provides more
nuanced results. The approach proposed by Laveuf and Cornu (2009) allowed us to deduce a
dominance of pedogenic carbonates in Vertisols on sandstone and basaltic parent material. In
contrast, the calcium carbonate accumulations in the other two cases result from the
coexistence of pedogenic and lithogenic carbonates (northern and southern soil profiles). These

conclusions should be considered with great caution. At this scale, other processes such as the
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complexation of organic matter or the adsorption of clay are in competition with the
complexation of REEs by carbonates. The approach of Laveuf and Cornu (2009) would
therefore be more suitable for comparison based on specific carbonate features (e.g. nodules,

rhizoliths, etc.), rather than a comparison of soil profiles as suggested in this work.

3.5.3. Influences of major elements on REE distributions in the studied soil profiles

Even though PCA did not provide a clear picture of the structure of the total variance in the
first two components, which account for less than 70 % of the total variance (Jolliff, 2002), the
groups identified are consistent with the major trends observed in the correlation matrix. The
correlations between major elements and REEs in the studied soil profiles revealed very strong
correlations among ) REEs, LREEs and HREEs. These findings indicate almost equivalent
contributions of LREE and HREE:s to the total distribution of REEs in all the profiles studied.
Aluminium, Fe and K exhibit strong positive correlations with REE abundance (3 REE, LREE,
and HREE), whereas Ca and Na show moderate positive correlations. In contrast, Si has a
strong negative correlation with REE abundance. These results indicate that the primary
elements influencing REE abundance in the study soil profile are Al, Fe, K and Si, whereas Ca
and Na have a minor influence, and the Mg contribution is meaningless. Silica seems to reduce
the abundance of REEs. Since the study soils are mostly constituted of sand fraction, which is
generally above 50 wt.% (Eze et al., 2025, 2021; Matshameko et al., 2023, 2022). Therefore,
Si negative influence could reflect the contribution of Kalahari aeolian deposits to soil
formation. Furthermore, as these deposits are made up of highly reworked and weathered sand,
they have very low REE contents (Thomas and Shaw, 1990). The association of these deposits
with developing soils dilutes the overall REE content, thus justifying the negative influence
observed. In contrast, the significant positive contribution of Al and K can be explained by the
predominance of clay-rich soils; in particular, the montmorillonite in Vertisols (Eze et al.,

2025), as clay, is known for its high potential for REE fixation (Andrade et al., 2022; Wang et
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al., 2023). In addition, the formation of clays is accompanied by the precipitation of metallic
elements (Nguetnkam et al., 2007; Paterson et al., 1991; Zhao et al., 2023). Moreover, Fe has
also been associated with REE enrichment in soils (Ambrosino et al., 2022; Lin et al., 2022a).
The contribution of Ca in REEs enrichment in the study profiles are less important, despite
being in semi-arid environments where calcification through accumulation of pedogenic
carbonate contributes to REEs enrichment (Dietrich et al., 2021). This could be related to the
dominance of clay accumulation as the major adsorbent of REEs in most of the studied soils.
The Na minor influence on REEs distribution may be related to the low concentration of this
element in the studied soils.

In sum, Al, Fe and K are the primary major elements contributing to REEs enrichment in the
studied soil. This reflects the dominance of type 2/1 clays in these soils, which mainly influence
REE concentration in these soils. Silica tends to have a strong negative influence due to the
abundance of highly reworked sand from the Kalahari Basin. The minor role of Ca and Na
highlights a low relative contribution.

One of the limitations of this study is that the calcium carbonate content and rare earth element
(REE) concentrations were determined from bulk soil samples rather than from the carbonate
formations themselves (e.g. nodules, rhizoliths, powdery coatings or hardpan horizons).
Consequently, the REE signal attributed to carbonates in this study reflects the combined
influence of several concurrent pedogenic processes, as highlighted in the discussion (clay
formation, complexation of organic matter and adsorption of Fe/Al oxides), rather than that of
the carbonate fraction taken in isolation. This probably explains why the correlations between
CaCO3 content and REE indices were often weak or inconsistent from one study profile to
another, and why the LREE/HREE approach developed by Laveuf and Cornu (2009), whilst
highly informative, could only be applied approximately at the scale of complete soil profiles.

Direct sampling and analysis of distinct carbonate features would allow the REE fractionation
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signal to be attributed more directly to carbonate formation processes and would likely lead to
a clearer and more robust distinction between the pedogenic and lithogenic origins of
carbonates. Future work should therefore prioritise targeted sampling of individual carbonate
morphologies rather than comprehensive sampling of soil horizons when using REEs to trace

the origin of carbonates.

3.6. Conclusions

This research investigated the distribution of REEs in twelve prominent soil profiles developed
on three contrasting parent materials (alluvial and fluvio-lacustrine sediments of the Kalahari
Group, sandstone and basaltic rocks of the Karoo Supergroup, and sands, clay, calcrete and
silcrete of the Kalahari Group) across Botswana. It also explores the relationship of REE
geochemical indices and pedogenetic processes. It is established that REE variability in the
landscape of the region is mainly controlled by the parent material, while the distribution and
fractionation of REE in the soil profiles is controlled by dominant pedogenetic processes. Clay
formation is the primary factor in REE redistribution within soil profile. Calcium carbonates,
although abundant in the profiles, only play a secondary role. However, the use of the
LREE/HREE fractionation ratio helped to highlight areas dominated by pedogenic carbonates.
Although the LREE/HREE approach remains approximate, it demonstrates the significant
potential of secondary (pedogenic) calcium carbonate formation for CO; sequestration on local
and regional scales. Improving the LREE/HREE approach could enable large-scale analyses to
be carried out and a more realistic carbon balance to be obtained by incorporating soil inorganic

carbon, which is often overlooked.
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Appendices

Appendix 3.1. Ba/Eu ratio of the study samples

Profile Horizon Ba (mg kg) Eu (mg kg?)

A 150 0.21 714

Bkk1 1.50E+03 13 1.12E+03

Bkk2 1.76E+03 2 871

Bkk3 385 0.3 1.28E+03

M1P1 Ck 1.60E+03 1.4 1.10E+03
A 149 0.17 876

AC 459 0.48 956

C1 391 0.4 978

K1P1 Cc2 1.90E+03 1.7 1.14E+03
A 348 0.16 2.18E+03

AC 384 0.37 1.04E+03

Ck1 661 0.43 1.54E+03

Ck2 595 0.53 1.12E+03

Ck3 656 0.56 1.17E+03

Cka 398 0.4 995

CES 173 0.18 961

POQ CVFS 747 0.61 1.22E+03
A 819 0.59 1.39E+03

AC 1.43E+03 0.95 1.50E+03

c1 654 0.45 1.45E+03

2 306 1.2 259

SHP3 C3 294 0.52 565
A 182 1.4 135

Bss1 207 0.68 304

Bss2 262 0.63 416

Btl 241 0.71 339

Bt2 1.90E+03 2 936

SP1 C 315 0.86 366
A 267 0.61 438

Bss1 325 0.77 422

Bss2 396 0.83 477

Bss3 331 0.86 385

Bkss 316 0.87 363

SP2 Bt 323 0.67 482
A 289 1.1 268

Bssl 297 1.1 280

Bss2 289 1 281

Bk 285 1 282

Bksst1 295 0.98 301

SP3 Bksst2 298 0.94 317
Ap 257 0.76 338

Btl 235 0.72 326

Bt2 264 0.71 372

Bk 240 0.66 364

Bkkm1 261 0.87 300

SP4 Bkkm?2 245 0.85 288

147



Appendix 3.1 (continued)

Profile Horizon Ba (mg kg) Eu (mg kg!) Ba/Eu
2.10E+03 1.5 1.39E+03 2.10E+03
1.15E+03 1.3 858 1.15E+03
1.13E+03 1.5 743 1.13E+03
3.46E+03 3.1 1.13E+03 3.46E+03
LT1 268 0.77 348 268
A 351 0.8 439
AB 1.00E+03 13 781
Bk1 1.75E+03 17 1.02E+03
B2 1.26E+03 1.8 696
T2 Bt 1.03E+03 1.8 563
A 316 0.51 620
c1 436 0.61 715
c2 382 0.55 695
c3 295 0.38 776
ca 229 0.31 739
TK1 c5 508 0.49 1.04E+03
A 142 0.18 789
c1 321 0.49 655
c2 407 0.55 740
c3 356 0.42 848
ca 278 0.34 818
K2 s 243 0.28 868
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Appendix 3.2. Major elements contents (wt.%) in the profiles of the study

Profile Sample Al Ca Fe K Mg Na Si
M1P1 A 0.95 0.14 0.83 0.30 0.27 0.09 44.74
Bkk1 2.38 10.33 1.48 0.81 2.07 0.12 34.63
Bkk2 3.19 5.63 2.46 1.16 2.05 0.24 36.04
Bkk3 1.50 2.93 0.76 0.44 1.33 0.25 41.45
Ck 2.68 13.79 1.81 1.12 1.31 0.66 31.90
K1P1 A 1.15 0.16 0.75 0.29 0.23 0.10 44.63
AC 1.24 2.49 0.69 0.44 1.58 0.14 41.89
Cc1 1.71 3.29 1.01 0.47 2.04 0.12 40.38
Cc2 3.46 1.53 2.32 1.46 1.80 0.54 38.39
POQ AP 0.27 2.58 0.78 0.11 0.60 0.10 43.58
AC 0.28 3.60 1.05 0.11 0.65 0.09 42.67
Ck1 0.29 5.22 0.93 0.12 0.84 0.18 41.49
Ck2 0.29 5.49 1.17 0.13 1.04 0.10 41.06
Ck3 0.23 9.71 1.32 0.15 1.39 0.28 37.86
Cka 0.22 9.21 1.22 0.15 0.89 0.16 38.76
CFS 0.14 0.13 0.71 0.03 0.09 0.10 45.85
CVFS 0.69 0.28 0.73 0.10 0.13 0.22 45.10
SHP3 Al 1.52 3.70 1.35 0.43 0.84 0.12 41.00
AC 1.89 5.93 1.65 0.51 1.57 0.11 38.38
Cc1 2.23 1.85 1.89 0.66 0.85 0.13 41.07
C2 2.34 7.22 2.28 0.80 0.83 0.31 36.98
C3 2.10 2.93 1.76 0.72 0.65 0.21 40.62
SP1 A 2.82 0.51 2.31 0.46 0.56 0.23 41.22
Bk1 3.61 0.89 2.97 0.46 0.81 0.27 39.58
Bk2 3.87 1.74 3.35 0.44 0.91 0.30 38.45
Bk3 4.08 2.66 3.33 0.46 1.02 0.35 37.52
Bss1 7.20 4.19 2.45 2.02 1.16 0.56 33.23
Bss2 4.44 3.43 3.71 0.50 1.28 0.42 36.15
SP2 Ap 3.60 2.56 3.18 0.50 1.00 0.51 38.05
Bss1 4.89 4.38 4.39 0.42 1.57 0.89 34.22
Bss2 5.09 3.49 4.43 0.45 1.61 1.03 34.45
Bss3 5.50 2.67 491 0.48 1.63 1.15 34.15
Bkss 4.59 2.70 3.97 0.53 1.46 0.97 35.86
Bt 3.23 0.86 2.43 0.70 0.87 0.68 39.97
SP3 A 7.42 4.21 7.15 0.53 2.39 1.12 29.20
Bkss1 7.51 3.92 7.21 0.53 2.33 1.16 29.30
Bkss2 7.41 3.62 7.08 0.54 2.35 1.19 29.64
Bk 7.17 3.79 6.98 0.53 2.28 1.13 29.90
Bkkm1 6.56 3.55 6.45 0.56 2.14 1.07 31.08
Bkkm?2 6.27 2.91 6.16 0.57 2.00 1.05 32.08
SP4 Ap 5.21 4.67 5.16 0.55 2.48 0.94 32.21
Btl 4.91 8.35 4.97 0.39 2.63 0.87 30.24
Bt2 5.09 8.97 5.05 0.38 2.77 0.94 29.49
Bk 5.04 13.00 4.93 0.39 3.63 0.99 26.33
Bkkm1 6.46 7.63 6.91 0.40 4.45 1.72 26.05
Bkkm?2 6.60 8.38 7.12 0.39 4.57 1.83 25.14
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Appendix 3.2 (continued)

Profile Sample Al Ca Fe K Mg Na Si

LT1 A 2.78 13.22 1.05 0.77 0.47 0.44 33.67
AB 4.78 7.73 1.83 1.23 0.83 0.30 34.40
Bk1 5.71 10.99 3.08 1.58 0.87 0.39 30.29
Bk2 6.46 8.40 2.35 1.76 1.06 0.50 31.48
Btl 4.11 3.03 3.46 0.48 1.13 0.54 36.95

LT2 A 3.87 10.00 1.97 1.14 0.71 0.27 33.81
AB 4.89 10.71 2.19 1.37 0.82 0.34 32.01
Bk1 5.49 9.46 2.21 1.47 0.95 0.40 32.08
Bk2 6.37 8.53 3.16 1.78 0.96 0.41 31.03
Btl 6.43 10.88 2.83 1.85 0.92 0.44 29.51

TK1 A 1.55 3.66 1.26 0.75 1.93 1.48 39.12
Cc1 1.87 5.78 1.43 0.93 3.12 1.24 36.46
Cc2 1.81 5.46 1.57 0.86 3.10 1.18 36.73
c3 1.19 3.42 1.18 0.61 2.12 0.82 40.04
ca 0.53 1.85 0.52 0.31 1.19 0.48 43.24
C5 0.93 2.65 1.14 0.64 1.80 0.76 41.09

TK2 A 0.54 0.43 0.46 0.18 0.24 0.42 45.04
Cc1 1.75 2.73 0.97 0.81 1.47 0.70 40.57
Cc2 191 6.65 1.24 0.99 3.82 1.04 35.52
C3 141 5.20 0.89 0.76 2.63 0.90 38.33
Cc4 1.28 2.96 0.84 0.73 1.70 0.85 40.74
Cc5 1.13 2.28 0.73 0.72 1.28 0.79 41.77
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Appendix 3.3. REE contents (mg kg™') in the study area

Profile Layer La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE YREE
A 55 126 1.3 5.4 1 021 094 014 073 015 044 0.06 03 0.07 26 2.8 28.8
Bkk1 9.4 209 2.28 9.3 1.8 134 153 025 129 024 085 0.11 0.8 0.12 45 5.2 50.2
M1P1 Bkk2 20.6 383 544 236 49 2.02 522 082 4091 1.1 329 042 2.6 0.37 94.9 18.7 113.6
Bkk3 57 115 1.28 4.9 0.9 0.3 073 0.13 0.75 0.15 047 0.06 0.4 0.06 24.6 2.8 27.3
Ck 13.7 30.2 3.26 13.2 26 145 248 039 223 044 136 0.19 1.2 0.2 64.4 8.5 72.9
A 7.9 9.8 1.13 43 07 017 068 011 058 0.11 035 006 04 0.06 24 2.4 26.4
K1P1 AC 6 95 121 46 09 048 075 0411 067 012 037 005 04 0.05 22.7 2.5 25.2
Cc1 7 142 134 5.3 1 04 077 013 076 013 046 0.06 0.5 0.07 29.2 2.9 32.1
Cc2 14 297 334 134 26 166 223 038 187 037 114 0.16 1.1 0.16 64.7 7.4 72.1
A 2.6 51 0.58 2.4 0.4 0.16 0.44 0.06 0.4 0.07 0.28 0.05 0.2 0.05 11.2 1.6 12.8
AC 3 5.2 0.57 24 05 037 045 0.07 038 0.06 03 005 03 0.05 12 1.7 13.7
Ck1 3.1 58 0.66 2.7 0.5 043 052 006 042 0.08 0.28 0.05 0.2 0.05 13.2 1.7 14.9
POQ Ck2 5.7 52 0.58 2.6 0.5 0.53 0.4 0.06 041 0.07 0.21 0.05 0.2 0.05 15.1 1.5 16.6
Ck3 2.8 5.9 0.63 28 0.7 056 0.55 0.08 05 008 031 005 03 0.05 13.4 1.9 15.3
Cka 34 6.1 0.71 34 0.6 0.4 0.68 0.1 0.3 0.1 038 0.05 04 0.05 14.6 2.3 16.9
CFS 3 53 0.57 25 05 0.18 0.38 0.06 0.3 0.05 0.2 005 0.2 0.05 12.1 1.3 13.3
CVFS 6.6 15.1 1.42 54 08 061 073 011 053 0.08 027 005 03 0.05 29.9 2.1 32.1
A 46 126 1.26 47 09 059 071 0.12 06 011 042 0.05 04 0.08 66.1 2.5 68.5
A/C 54 12.8 1.08 42 09 0.95 0.7 011 0.63 0.11 04 005 04 0.06 25.3 2.5 27.8
SHP3 (1 6.6 11.5 1.1 42 08 045 0.66 0.1 0.56 0.1 039 0.06 05 0.07 24.7 2.4 27.1
Cc2 336 709 796 315 56 1.18 474 0.7 326 061 178 023 15 0.2 150.7 13 163.8
c3 113 234 263 102 19 052 164 026 131 026 0.75 0.1 07 0.12 50 5.1 55.1
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Appendix 3.3. (continued)

Profile Layer La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE YREE
A 351 701 7.76 297 56 135 577 076 3.86 0.74 23 029 21 0.27 1496 16.1  165.7
Bssl 13.7 23.8 3 117 24 068 227 037 223 042 133 0.14 1.4 0.17 55.3 8.3 63.6
sp1 Bss2 12.7 241 3.01 12 25 063 255 036 226 042 136 0.16 1.4 0.17 54.9 8.7 63.6
Btl 157 264 326 12.9 27 071 271 042 247 045 141 0.18 1.5 0.19 61.7 9.3 71
Bt2 385 753 878 339 68 203 621 094 5 094 288 0.39 3 037 1653 19.7 185
C 14.5 28 335 138 29 086 3.05 044 277 0.53 1.7 02 17 0.21 63.4 10.6 74
A 9.2 166 2.22 9.2 2 061 2 032 19 037 119 013 1.2 0.15 39.8 7.3 47.2
Bssl 11 189 258 109 24 077 254 041 254 049 156 0.17 15 0.18 46.6 9.4 55.9
$p2 Bss2 113 213 29 124 27 083 271 045 272 052 1.66 02 1.6 0.2 51.4 10.1 61.5
Bss3 122 214 2.8 123 2.7 0.86 3 044 275 053 1.72 0.2 1.5 0.2 52.3 10.3 62.6
Bkss 136 208 289 12.2 27 087 287 043 257 051 153 0.16 1.4 0.21 53.1 9.7 62.7
Bt 11.8 179 277 11.1 23 067 251 033 199 034 114 0.13 1.1 0.13 46.5 7.7 54.2
A 124 23.8 323 144 35 108 384 059 371 0.74 24 0.29 2.2 0.3 58.4 14.1 72.5
Bssl 147 243 336 146 35 106 3,53 057 375 0.76 2.33 03 23 031 61.5 13.9 75.4
sp3 Bss2 12.2 23,5 3.28 14 33 103 391 0.56 3.6 0.7 22 027 21 0.27 57.3 13.6 70.9
Bk 13.1 227 3.18 136 3.2 101 364 057 341 067 211 026 22 0.28 56.8 13.1 69.9
Bksst1 11.7 228 3.07 129 3.1 098 3.08 054 333 063 208 0.25 2 024 54.6 12.2 66.7
Bksst2 113 222 287 125 29 094 314 049 302 056 182 024 18 0.21 52.7 11.3 64
Ap 9.3 203 231 99 23 0.76 2.09 0.4 256 05 162 019 1.6 0.2 44.9 9.2 54
Btl 8.9 193 2.2 96 21 072 214 038 252 045 158 0.18 1.6 0.19 42.8 9 51.9
spa Bt2 89 19.2 219 93 22 071 229 0.39 25 049 153 019 16 0.19 42.5 9.2 51.7
Bk 8 154 194 87 19 066 203 037 245 0.46 1.5 017 15 017 36.6 8.7 45.3
Bkkm1 83 171 2.24 99 26 087 272 0.52 32 066 205 0.25 2 0.25 41 11.7 52.7
Bkkm2 77 156 2.09 93 26 0.85 3.16 05 342 066 2.08 0.26 2 0.26 38.1 12.3 50.5
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Appendix 3.3.(Continued)

Profile Layer La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE YREE
A 152 294 333 131 25 151 218 034 183 032 103 013 11 0.4 65 7.1 72.1
AB 25.1 522 583 225 45 134 444 062 336 066 198 0.24 2 0.25 111.5 13.6 125
LT1 Bkl 29.3 626 6.99 263 52 152 489 0.73 377 0.68 22 0.29 2.2 0.28 131.9 15 147
Bk2 35,9 68.3 8.2 32.2 6.3 3.06 6.34 0.92 49 095 281 0.36 2.8 0.34 154 194 173.4
Bt 13.3 258 312 128 2.7 077 2.77 0.4 236 043 148 0.17 1.4 0.18 58.5 9.2 67.7
A 22.2 44 496 19.2 3.8 0.8 3.83 0.55 29 055 179 022 19 0.24 95 12 106.9
AB 266 539 6.14 237 47 128 387 063 335 063 197 025 21 0.27 1163 13.1 1294
LT2 Bk1 286 56.6 6.42 24.4 5 172 458 067 374 068 209 027 21 027 1227 14.4 1371
Bk2 393 751 884 352 69 181 619 09 501 092 279 037 28 035 167.2 19.4 186.5
Bt 42,2 76.3 886 346 7 183 721 102 579 108 333 044 3.1 0.39 170.8 22.4 193.2
A 11 198 24 9.5 1.8 051 199 025 141 0.26 0.78 0.09 0.9 0.1 45 5.8 50.8
C1 123 223 269 10.8 21 061 197 0.26 157 0.28 0.81 0.08 0.9 0.11 50.8 6 56.8
TK1 Cc2 10.8 20.2 2.37 9.2 1.7 055 188 024 135 0.23 0.85 0.08 0.8 0.1 44.8 5.5 50.4
c3 7.9 15 175 7 13 038 105 0.18 103 0.17 056 0.05 0.6 0.08 33.3 3.7 37.1
ca 73 135 1.59 64 1.2 031 1 016 1.01 0.18 0.6 006 0.7 0.07 30.3 3.8 34.1
C5 75 147 167 6.7 13 049 1.3 0.16 1.08 0.2 069 0.07 0.8 0.09 32.4 4.4 36.8
A 4.2 7.3 092 35 0.7 018 0.52 0.06 0.63 0.1 041 0.05 04 0.05 16.8 2.2 19
Cc1 11.2 20 24 9.6 2 049 173 026 144 023 082 009 0.8 0.1 457 5.5 51.2
K2 Cc2 115 218 2.64 10.2 2 055 152 026 139 025 085 0.08 0.8 0.08 48.7 5.2 53.9
c3 9.6 174 2.06 79 15 042 139 019 114 021 0.67 007 0.7 0.06 38.9 4.4 433
ca 83 154 1.78 69 13 034 121 016 105 0.18 0.62 0.06 0.7 0.07 34 4.1 38.1
C5 8.6 148 1.69 6.7 1.2 028 1.28 0.15 094 0.17 0.6 005 06 0.06 33.3 3.9 37.1
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CHAPTER FOUR

A Multi-Proxy Pedosedimentary Insight into Calcium Origin, Sediment Provenance,

And Depositional Environments in A NW Botswana Landform?

Abstract

Calcium carbonates are key components of the global terrestrial geochemical carbon cycle and
can influence carbon sequestration, climate interactions, and agricultural productivity. In the
soils of the Chobe Enclave (northern Botswana), calcium carbonates are widespread, yet their
origin and accumulation processes remain poorly understood. This study investigates a
pedosedimentary section using multiple proxies, including morphological descriptions,
physicochemical properties, particle size inclusive statistic, bulk and clay mineralogy, and
geochemical indices such as the Chemical Index of Alteration (CIA), the Weathering Index of
Parker (WIP), the Robust Index of Chemical Weathering (RW), the Index of Compositional
Variability (ICV), and the calcium-strontium ratio (Ca/Sr). In the upper part of the section, CIA
(1.7-6.9) and RW (10.5-23.2) are of low values, while the lower part records higher values
(CIA:40.0-72.2, RW: 26.0-33.3). Conversely, WIP (13.4-40.5) and ICV (9.9-37.7) are higher
in the upper part but decrease in the lower part (WIP: 2.4-10.5, ICV: 0.3-0.9). The Mafic-
Felsic-RW projection suggests a felsic origin for the entire sediment sequence. The Ca/Sr ratio
ranges from 384 to 803 in the carbonate-rich (5-23 wt. %) upper section and from 190 to 1011
in the carbonate-poor (< 1 wt. %) lower section. These results indicate a shift in depositional
environment from shallow lacustrine to alluvial floodplain with temporary flow. The results

point to the weathering of alluvial felsic sediments as a plausible major contributor of calcium

3 This chapter is based on a paper co-authored with Loago N. Molwalefhe, Thierry Bineli Betsi, and
Peter N. Eze; published in Earth Systems and Environment, 9, 1937-1957 (2025).

https://doi.org/10.1007/s41748-025-00724-w
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to the pedogenic carbonates, although a diversity of sources, including acolian and geogenic
inputs, cannot be excluded. While strontium or stable isotope analyses would provide more
conclusive constraints, the multiproxy approach used in this study offers a useful, indirect
means of constraining calcium origin in the absence of such data. Unravelling calcium
carbonate origin is essential for improved understanding of soil formation, function and
management, especially in drylands.

Keywords: Alluvial Plains; Chemical weathering indices; Kalahari Basin; Kastanozems;

Semi-arid environments

155



4.1. Introduction

Soil inorganic carbon (SIC) is the dominant form of soil carbon in dryland ecosystems
including hyper-arid, arid, and semi-arid regions (Sharififar et al., 2023). It therefore serves as
major carbon sink in arid zones effectively mitigating global climate change. However, the
equilibrium of SIC is fragile. Numerous factors mainly associated with human activities such
as agriculture (Liu et al., 2023; Ortiz et al., 2022) and deforestation (Golubtsov et al., 2021;
Khokhlova and Myakshina, 2018; Khokhlova et al., 2013) and natural changes in climate and
vegetation (Hui An et al., 2019; Pfeiffer et al., 2023), have been shown to affect the net balance
of SIC stock. These factors are influence the accumulation and dissolution of carbonates within
soil profiles. SIC results from a range of processes, including pedogenic, lithogenic, and
biogenic processes (Zamanian et al., 2016). Recently, the fraction resulting from pedogenic
processes (pedogenic carbonates) has received increasing attention given that they have been
recognised as an important pathway for sequestering atmospheric carbon dioxide in arid
environments (Bughio et al., 2017; Bughio et al.,2016; Dina Ebouel et al., 2024; Liu et al.,
2023).

Despite the increasing interest, one important aspect of pedogenic carbonate that is still largely
poorly understood is the origin of calcium in pedogenic carbonate minerals. Earlier studies
reported that calcium ions can originate from either the weathering of previous carbonate rocks
or minerals (calcite, dolomite, aragonite) or from the weathering of calcium-rich silicate
minerals such as calcic plagioclase like Anorthite, Bytownite, Labradorite (Curtis Monger et
al., 2015). Also, the efficiency of atmospheric carbon sequestration by pedogenic carbonates
has been demonstrated when calcium comes from silicate minerals (Fig. 4.1). While the
weathering of Ca-minerals such as anorthite (Eq. 4.1) consume CO: and precipitation of
calcium carbonate emits CO2 (Eq. 4.2). So far, the approaches used to trace the origin of the

calcium contained in pedogenic carbonates are based mainly on radiogenic isotope analysis
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(Dina Ebouel et al., 2024), including mostly the use of the strontium isotope ratio (*’Sr/*®Sr) of
pedogenic carbonate and the possible parent material (Capo and Chadwick, 1999; Dietrich et
al., 2017; Milliere et al., 2019). Strontium is known for its geochemical behaviour similar to
that of calcium, since the two elements have a similar atomic radius. Therefore, Sr is used to
trace calcium (Capo et al., 1998). However, these methods are expensive and not readily
available everywhere. It is therefore necessary to explore other approaches to trace the origin

of calcium in pedogenic carbonates.
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Fig. 4.1. A simplified model for pedogenic carbonate formation in arid environments

CaAl,Si,0g + 2CO, + 2H,0 — Al,Si,05(0H,) + Ca2* + 2HCO3 Eq. 4.1

Ca* + 2HCO3 - CaCO5 + CO, + H,0 Eq.4.2
The weathering index of Parker (Parker, 1970) and the chemical index of alteration (Nesbitt

and Young, 1982), both developed to reflect the degree of chemical weathering of silicate
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minerals, provide information about the origin of the parent material and the prevalent climate
conditions. While the CIA gives priority to the subsequent accumulation of aluminium through
the formation of phyllosilicate minerals, which is very interesting for analysing environmental
changes, the WIP gives priority to highly mobile alkaline and alkaline-earth elements, which
is very interesting in the context of chemical weathering without the accumulation of secondary
clay minerals. Thus, their combination provides a scientifically reliable analysis of
environmental changes and the mobility of alkaline and alkaline-earth elements such as
calcium. In fact, by combining these chemical weathering indices with mineralogical analysis,
it is possible to trace the origin, movement and accumulation of calcium within a soil profile.
However, for soils formed above alluvial sediments, which are transitional materials in this
circumstance, tracing the origin of these sediments can provide a better picture of all the
processes involved and the nature of the source rocks. In an environment with potential
presence of non-silicate minerals such as pedogenic carbonates or any authigenic and biogenic
contribution, the addition of the robust chemical weathering index (RW) developed by Cho
and Ohta (2022), could strengthen this approach and give a better picture of the processes
involved, by identifying the type of parent material, the degree of chemical weathering, and
hence the palacoenvironmental conditions.

In northern Botswana, particularly in the Chobe Enclave, previous studies have highlighted the
widespread presence of calcium carbonate in the soils (Diaz et al., 2019; Eze et al., 2021; Eze
and Molwalefhe, 2024; Romanens et al., 2019). Although they have been considered by some
authors to be the result of pedogenic processes (Eze and Molwalefthe, 2024; Romanens et al.,
2019), lithogenic carbonate layers have also been reported (Diaz et al., 2019). It is therefore
essential not only to differentiate the processes by which carbonates accumulate, but also to
trace the origin of the calcium fixed in their structural composition. As mentioned above, the

origin of calcium ions plays a key role in the discussion of the capacity of pedogenic carbonates
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to trap carbon dioxide. A prominent open quarry in the Parakarungu plains, NW Botswana
presents a rare exposure of approximately 6 m pedosedimentary sequence suitable for
exploring calcium carbonate accumulation in soil environments.

This study aims to constrain the possible origin(s) of calcium in pedogenic carbonates,
processes of alluvial sediment deposition and soil formation, and traces sediment provenance.
The approach is based on the use of multiply proxies (morphological, physicochemical and
geochemical soil/sediment characteristics). Geochemical weathering indices (CIA, WIP, and
RW), mineralogy, and particle size distribution can help assess sediment origin and
depositional conditions. The Ca/Sr ratios, combined with CaCOs;, Ca, and Mg contents,
provides insights into calcium mobility, accumulation, and provenance. The results show that,
in the absence of radiogenic or stable isotope data, the combined use of multiple geochemical
proxies can help narrow down the plausible sources of calcium, even where a single,

unambiguous origin cannot be established.

4.2. Geographical and environmental setting

The study area is located in the administrative district of Chobe in the northern part of
Botswana, and the studied pedosedimentary section is located at 18.038333° S and 24.31163°
E (Fig. 4.2). It is underlain by a graben resulting from an active fault system known as the
Okavango Rift Zone. The origin and kinematics of this fault system is still under debate. It has
long been considered the end member of the southwestern extension of the East African rift
system (Bufford et al., 2012; Kinabo et al., 2007). Recent analysis suggests instead that it is a
deformation zone hosting differential movements between the Nubian and Somali, Victoria
and Rovuma plates, on the one hand, and between the rigid Congo and Kalahari cratons within
the slightly less stable Nubian plate, on the other hand (Pastier et al., 2017). However, the
sedimentary deposits that filled the graben have been related to the Kalahari Basin and

characterised by fluvio-lacustrine sediments (Burrough and Thomas, 2008; Grey and Cooke,
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1977; Ringrose et al., 2008). These sediments were deposited over several cycles beneath a
Quaternary mega-peleolake, which, at its peak, covered an area of approximately 66,000 km?
(Burrough et al., 2009). As highlighted in Mokatse et al. (2022), the actual landscape, which
consists of sand dunes, pans, sand ridges, and carbonate islands, is the result of
palaeoenvironmental and palaecodrainage changes through the Quaternary and is associated
with (neo)tectonic processes. Carbonate islands are considered relics of palustrine
environments dated between Marine Isotope Stage (MIS) 6 to MIS 1, which corresponds to a
period from approximately 70,000 years ago to the present day (Diaz et al., 2019).

Throughout the year, temperatures generally vary between 9°C and 35°C. They rarely fall
below 6°C and rarely exceed 38°C. The mean annual precipitation is 650 mm. According to
Moses et al. (2023), one-day and three-day rainfall contribute significantly to seasonal totals
(10% and 17%, respectively, on average but up to 30% in some years). Weather systems
favouring rainfall include a deeper Angolan low and a weaker Botswana high. The rainy season
begins in January and peaks in March, dominated by convective systems such as tropical cloud
bands and moisture flows from the Indian Ocean and South Atlantic (Moses et al., 2023). While
Arenosols are the dominant soil unit, there is a wide diversity of soils in the region, including
Chernozems, Phacozems, Kastanozems, Solonchaks, Solonetzs, and Calcisols (Romanens et
al., 2019a). As reported by Eze and Molwalefhe (2024), pedogenic processes in the area
involve a gradual obliteration of sediment layers and a consecutive carbonate concentration in
the soil. The vegetation includes a mix of forested and grassland areas. The main forest
vegetation types are Mopane forests, which are dominated by Colophospermum mopane, and
Baikiaea forests, which are dominated by Baikiaea plurijua, Baphia massaiensis, Croton
gratissimus. The grassland area is dominated by grass communities covered by a few Acacia

spp., Terminalia sericea or Philenoptera nelsii (Vittoz et al., 2020).
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Fig. 4.2. Regional context of the study area showing the Parakarungu open quarry location

4.3. Materials and methods

4.3.1. Field investigation and sampling

A field trip was organised in September 2022 around the Chobe Enclave to identify and
describe interesting soil sections developed on the alluvial sediments and presenting some
evidence of pedogenic carbonate accumulation. For this purpose, a 10% HCI solution was used
to test the presence of calcium carbonates. During this trip, a prominent pedosedimentary
section of approximately 6 m was identified at the Parakarungu open quarry (Fig. 4.3). A
description of the section was carried out according to FAO Guidelines for soil description
(2006). After this, 13 soil and sediment samples were collected from each genetic soil

horizons/layers. These samples were later shipped to the laboratory for analysis.
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4.3.2. Laboratory analyses

4.3.3.1. Physicochemical soil characterisation

A subsample from each of the 13 collected samples was pre-treated prior to physicochemical
analysis in the Soil Science laboratory of Botswana International University of Science and
Technology. The pretreatments included air drying at room temperature, removal of large roots
and sieving with a 2 mm sieve. The soil pH and electrical conductivity (EC) were determined
in a 1/2.5 soil: deionised water ratio solution as recommended by FAO guideline for soil
description (2006). The measurements were performed using a pH meter and EC glass
electrodes. The particle size distribution of the samples was determined via laser diffraction
granulometry, using a Malvern 2000 Mastersizer after pretreatment with a 30% hydrogen
peroxide solution (H202) for 24 hours to remove organic matter, followed by further
pretreatment with 10% hydrochloric solution (HCI) to remove carbonates and dispersion with
sodium hexametaphosphate as a dispersant. The soil organic matter (SOM) content was
determined via wet oxidation (Walkley and Black, 1934), and the carbonate content was
determined via an Eijkelkamp calcimeter following the procedure described by Sherrod et al.

(2002).

4.3.2.2. Bulk and clay mineralogy

Bulk mineralogy and clay mineralogy were carried out using different pretreatments. Two 10
g subsamples for each of the identified layers were taken. The first subsample, used for bulk
mineralogy, was ground using an agate mortar. The second subsample, used for clay
mineralogy, was treated with 30% H>O: for 24 hours and then with a 10% HCI. After rinsing
and decanting, the clay fraction was isolated and mounted on a glass slide. X-ray diffraction
was carried out at the Materials Characterisation Laboratory of Botswana International
University of Science and Technology using a Bruker D8 Advance powder diffractometer

equipped with a Cu-tube X-ray source and a Lynx Eye XE energy-dispersive strip detector.
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The radiation used was Cu-Ka radiation with a wavelength of 1.5418 A at 20 values between
5 and 90 degrees for the bulk mineralogy and 5 to 30 degrees for the clay mineralogy, using a
step of 0.02 degrees with a time of 0.200 sec/step. The machine was operated at 40 mA and 40

kV.

4.3.2.3. Bulk geochemistry

The analysis of the total elemental composition of the samples was carried out at the Minerals-
Geochem Laboratory of SGS, Randfontein, South Africa. The suite of major oxides (reported
in wt.%) was determined via the borate fusion method. A sample weighing 0.7 g was mixed
with lithium tetraborate flux and fused to form a homogenous glass bead. The borate fusion
was followed by analysis of the glass beads via a wavelength dispersive X-ray fluorescence
spectrometer. The loss on ignition (LOI) at 1000 °C was determined separately by gravimetry.
The minor and trace element contents were determined via the sodium peroxide fusion method.
A sample (0.2-2.0 g) was weighed into a crucible containing NaO and NaOH. The mixture
was then fused. The sample was leached, acidified and brought to volume. The sample was
then analysed via inductively coupled plasma optical emission spectroscopy (ICP-OES) and

the results reported in mg kg™

4.3.2.4. Data processing

Various statistical analysis techniques were used to process the data. For the particle size
distribution, the results obtained with the Malvern Mastersizer suggest seven distinct particle
size classes based on the United States Department of Agriculture standard (Skaggs et al.,
2001), including: very coarse sand (1000-2000 pm), coarse sand (500-1000 pum), medium sand
(250-500 pm), fine sand (100-250 pm), very fine sand (50-100 um), silt (2-50 um) and clay (<
2 um). Inclusive statistical variables, including kurtosis, skewness, standard deviation and
mean, were calculated in MS Excel software to infer the palaecoenvironmental conditions of the
deposit (Folk and Ward, 1957).
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The XRD data were processed using Origin Lab software (version 2024) to identify the peaks
of mineral phases, and a semiquantitative analysis was carried out based on a comparison of
the relative intensities of the characteristic peaks of each phase calculated using MS Excel
software.

The geochemical data were analysed via various indices and ratios as follows.

The CIA (Nesbitt and Young, 1982), calculated using the equation (Eq. 4.3) was combined
with the clayeyness, calculated using Al/Si ratio (Sheldon and Tabor, 2009) to infer the degree

of weathering and the palacoenvironmental conditions.

AL, 03
A1203+Ca0*+NaZO+K20

CIA = x 100 Eq. 4.3
( )

Since CIA is based on the formation of clay as result of the chemical weathering, the WIP
(Parker, 1970) calculated using the equation (Eq. 4.4) was also used to quantify the intensity
of chemical weathering based on the depletion of base cations (Ca, Mg, Na, K), which could
be useful for quantifying the mobility of elements in environments where the degree of

weathering of silicate minerals is not consecutive with the formation of clays.

2Na;0 | MgO | 2K;0 | CaO ) % 100 Eq. 4.4
0.35 0.9 0.25 0.7

WIP=(

The above indices and ratios were calculated using the molar content of the various oxides.
The CaO* used to calculate CIA and WIP was estimated from the calcium oxide content of the
fraction derived from silicate rocks only (Eq. 4.5). The CaOx* correction aims to minimise CaO
contributions from carbonate minerals, ensuring that the CIA only reflects weathering of
aluminosilicate. The resulting value is adopted if the molar ratio of CaO* is less than that of

NaxO, otherwise CaO* is equivalent to NaO (McLennan, 1993).

Ca0* = CaO — 10/3 x P,0g Eq. 4.5
The index of Compositional Variability (ICV) expressed in equation (Eq. 4.6) was used to

assess maturity of sedimentary material (Cox et al., 1995).
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__ (Fe;03 +K,0+ Na,0 + Ca0*+ MgO+MnO+TiO,)
- Al,04

IcV Eq. 4.6

To calculate the ICV, the oxides are expressed as a mass percentage (wt. %), CaO* is the
quantity of CaO contained in the silicate component of the rock, estimated in equation (Eq.
4.7). Correction of CaOx* in the ICV removes carbonate-derived calcium, ensuring that the

index accurately shows the proportion of alterable silicate minerals in the source(s).

Ca0* = 0.35 x 2Na,0/62 Eq. 4.7

The RW index (Eq. 4.8) has been used to ascertain if there is an intervention of pedogenic
accumulation (pedogenic carbonate, given the semi-arid actual environment) and to trace the
origin of parent materials through the ternary diagram mafic—felsic-RW as explain by Cho and

Ohta (2022).

RW = 0.1521In(TiO;) + 0.198In(Al,03) + 0.148 In(Fe,03) — 0152 In(Mg0) —

0.503 In(Na,0) + 0.156 In(K,0) — 0.506 Eq. 4.8

The Ca/Sr ratio calculated with mass percent value was used as an indicator of the geochemical
fractionation between calcium and strontium during weathering and precipitation processes
(Dietrich et al., 2017).

R software (version 4.2) was used to perform the statistical analyses, including principal
component analysis for the major oxides, to identify the main trends along the section. A
correlation between carbonate content and Ca concentrations was performed using linear
regression to investigate the contribution of calcium to carbonate accumulation. Another
correlation was performed between Ca and Sr contents via linear regression to verify their

interdependence.
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4.4. Results

4.4.1. Morphological characterisation and physicochemical properties

The section, which appears in an open quarry, reveals several layers of sediment capped by a
relatively thin topsoil horizon (Fig. 4.3A). From the top to the bottom, is constituted by the
following arrangement: A;—AC—Cx—Ci—Crs—Cvrs. The morphological characteristics
are described in Table 4.1, and the physicochemical properties are summarised in Table 4.2.
The description layer by layer is presented from top to bottom as follows:

The topsoil horizon Aj, from 0 to 24 cm depth, is characterised by a gray colour (10YR 5/1)
when dry and a black colour (10YR 2/1) when wet. The texture is sandy loam, root activity is
abundant, and there are a few termite galleries. The 10% HCI acid test reveals that it is
moderately calcareous, which is also consistent with carbonate content of 5.7 wt.%. The
organic matter (OM) content is 0.5 wt.%, which represents a very low OM content. The pH is
7.9, corresponding to a moderate alkaline pH, and the electrical conductivity (EC) is 220
uS.cm’!, referring to a non-saline environment.

The AC horizon under the topsoil, from 24 to 63 cm depth and gray in dry conditions (10YR
6/1), evolves to dark gray (10YR 4/1) with moisture. It represents a gradual transition from the
topsoil to the sedimentary layers below. It is also moderately calcareous, with a carbonate
content of 8.1 wt.%, with a strong- to moderate granular structure, but the texture is loamy
sand, similar to that of the sedimentary layer immediately below. The OM content is
approximately 0.4 wt.%, corresponding to very low OM. The pH is 8.1, reflecting a moderately
alkaline environment and the EC is 190 uS.cm™!, corresponding to non-saline medium.

The Ck layer (subdivided into Cy; and Ci2), from 63 to 210 cm depth, appears light gray when
dry (10YR 7/1) and dark gray when wet (10YR 4/1). It exhibits a weak-to moderate granular
structure, a sandy loam texture, and shell fragments (see Fig. 4.3B) and dead roots are present.

The 10% HCl test reveals that this layer is strongly calcareous, the carbonate content is ranged
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from 11.7 wt.% to 13.9 wt.%. However, the carbonate is in a powdery form, coating sand grains
and shell fragments or filling cavities left by termites and dead roots (see Fig. 4.3C). The OM
content is very low, ranged from 0.2 wt.% to 0.3 wt.%. From the top to the bottom of the layer,
the pH slightly increases from 8.2 to 8.6, reflecting an evolution from moderate to strong
alkaline medium and the EC increased sharply from 190 to 550 uS.cm™, but remains non-
saline.

The Ci layer (subdivided into Cik1 and Cik2) extends from depths of 210 to 283 cm. It is
distinctly separated from the previous boundary by a sharp boundary and has a very pale brown
colour (10YR 8/2) when dry, which becomes light yellowish brown (2.5YR 6/4) when wet.
The structure is weak-to moderately blocky and subangular, and the texture is loamy sand. The
10% HCI test reveal strong calcareous layer, which is supported by a carbonate content of 23
wt.%. Carbonate is more abundant but still in powdery form, preferentially accumulating in
cavities left by termites and dead roots. From Cii to Ckk2, the OM content remained at
approximately 0.2 wt.%, thus reflecting a very low OM content. The pH is ranging between
9.1 and 9.5, referring a strong alkaline level, and the EC slightly increased from and from 580
to 780 pS.cm™!, remains non-saline.

The depth of the fine sand layer Crs ranged from 283 to 343 cm. The transition from the
previous layer is sharp, and the layer is characterised by a white colour (2.5YR8/1) under dry
conditions and a pale brown colour (2.5YRS8/2) under wet conditions. The structure is massive,
and the texture is sandy. It is non-calcareous with a carbonate content of 0.3 wt.%, indicating
a relatively sharp decrease compared with that of the previous layer (Ckk). The OM content is
approximately 0.2 wt.%, consistent with a very low OM content. The EC is 200 pS.cm™, which
is also a considerable reduction compared with that of Cxk and correspond to a non-saline
environment. In contrast, the soil pH remained unchanged at 9.5, corresponding to strong

alkaline medium.

167



At the bottom of the section, there is a succession very fine sandy layers (Cvrs), extending from
343 to +500 cm. The boundaries between layers are distinct, but the colour is similar. They are
generally light gray (2.5YR7/1) when dry and turn gray (2.5YRS5/1) when wet. The structure is
massive, and the texture is sandy loam, except for a single sublayer of silty loam (Cvrss).
Although they all contain common gravels (10 to 20 vol.%) embedded in the very fine sand
matrix, some sublayers contain black gravels (5Y2.5/1) that are clearly distinguishable from
the sandy matrix (see Fig. 4.3D). Other sublayers contain brownish-yellow gravels (10YR6/6)
whose progression towards the matrix reveals a reddish crown (see Fig. 4.3E). The OM content
values in these layers are around 0.2 wt.%, except for the bottom sublayer (Cvrss), whose OM
content is approximately 0.4 wt.%. The carbonate content is less than 1 wt.%, while the pH
decreases overall from 9.2 to 7.1 between the top and the base, ranging from very strong to
moderate alkaline level. The EC has the highest values in the section. However, it fluctuates
from one sublayer to another, although the overall trend increases towards the base. The
maximum is observed at the second sublayer (4650 uS.cm™), which correspond to moderately

saline environment.
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Fig. 4.3. A. Schematic represéntation and photograph of the section of the Parakarungu open
quarry; B. shell fragments observed in the Ck layer; C. accumulation of carbonate in the tunnels
left by termites in Cik layers; D. gravel in the fine sand matrix of Cvrs layers; E. gravel showing

signs of weathering (oxidation) in Cyrs layers.
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Table 4.1. Morphological properties of the section

Horizon/Layer = Depth Colour moist  Colour dry Secondary features Secondary Structure Carbonate Carbonate features Biological activity
(cm) features colour test (10% HCI)

A1 0-24 10YR5/1 Gray  10YR2/1 Black No visible - strong to Moderate No visible Abondant roots, few
moderate calcareous termites galleries
granular

AC 24-63 10YR6/1 Gray  10YR4/1 Dark No visible - strong to Moderate No visible Common roots,

gray moderate calcareous termites galleries, few
granular mollusc shells

Cia 63-114 10YR7/1 10YR4/1 Dark interstitial carbonate powder, 10YR7/1Light Weak to Strongly Interstitial carbonate powder, few dead roots,

Light gray gray filling cavities left by dead gray moderate Calcareous filling cavities left by dead common termites
roots and termite galleries granular roots and termite galleries galleries, few mollusc
shells

Ci2 114-210  10YR7/1 10YR4/1 Dark Diffuse carbonate powder and Weak to Strongly Diffuse carbonate powder and  Few mollusc shells

Light gray gray fine soft carbonate concretion moderate Calcareous fine soft carbonate concretion
granular

Crkt 210-230  10YR8/2very  2.5YR6/4 Light Common black soft inclusion 10YR7/1Light Weak to Strongly Diffuse carbonate powder Termites galleries

pale brown yellowish gray moderate blocky Calcareous
brown subangular

Cri2 230-283  2.5YR7/3 2.5YR6/4 Light ~ Common black soft inclusion 10YR7/1Light Weak to Strongly Diffuse carbonate powder Termites galleries

Pale brown yellowish gray moderate blocky Calcareous
brown subangular

Crs 283-343 2.5YR8/1 2.5YR8/2 Pale Massive Non

White brown Calcareous
Cvrs1 343-372 2.5YR8/1 2.5YR8/2 Pale Common medium gravel 5Y2.5/1 Black Massive Slightly

White brown Calcareous
Cvrs2 372-396  2.5YR7/1 2.5YR5/2 Common medium gravel with 10YR6/6 Massive Slightly

Light gray Grayish brown oxydation marks Brownish yellow Calcareous
Cvrs3 396-433 2.5YR8/2 2.5YR7/1 Light Few medium gravel with 10YR6/6 Massive Non

Pale brown gray oxydation marks Brownish yellow Calcareous
Cvrsa 433-460  2.5YR7/2 2.5YR5/1 Gray Common medium gravel with 10YR6/6 Massive Non

Light gray oxydation marks Brownish yellow Calcareous
Cvrss 460-500  2.5YR7/2 2.5YR5/1 Gray Common medium gravel 5Y2,5/1 Black Massive Non

Light gray Calcareous
Cvrse 500+ 2.5YR7/2 2.5YR4/1 Dark Common medium gravel with 10YR6/6 Massive Slightly

Light gray gray oxydation marks Brownish yellow Calcareous
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Table 4.2. Physicochemical properties of the section

Clay Silt Sand
Horizon EC pH (H,0) OM  EqCaCO3
or layer (<2 um) (2 -50 um) (50-2000 pm) Texture
Unit uS/cm - wt.% vol.%
A 220 7.9 0.52 5.71 4.27 45.41 50.32 sandy loam
AC 190 8.1 0.38 8.12 1.06 14.41 84.53 loamy sand
Cki 190 8.2 0.32 11.70 1.33 18.31 80.36 loamy sand
Ck, 550 8.6 0.25 13.96 0.58 12.9 86.53 loamy sand
Cia 580 9.1 0.22 22.81 0.11 13.52 86.37 loamy sand
Ci2 780 9.5 0.18 23.13 1.36 14.98 83.66 loamy sand
Crs 200 9.5 0.19 0.33 0.63 5.8 93.57 sand
Cvrs1 1081 9.2 0.19 0.44 2.73 38.00 59.27 sandy loam
Curs2 4650 7.7 0.21 0.88 2.45 28.16 69.39 sandy loam
Cvrs3 2050 7.9 0.20 0.18 2.61 40.92 56.47 sandy loam
Cvrsa 2570 7.4 0.22 0.22 3.47 40.18 56.35 sandy loam
Cvrss 1700 7.5 0.22 0.16 3.44 51.58 44.98 silty loam
Cvrse 1330 7.1 0.38 0.28 2.96 37.04 60.00 sandy loam

The particle size distribution is shown in Table 4.2. Over the whole section, sand is the
dominant fraction, most often greater than 50 vol.%, whereas clay is the lowest fraction,
generally around 1 vol.%. A1 has a different composition from the other upper layers of the
section (from AC to Ckk2). It has relatively high clay (5 vol.%) and silt (45 vol.%) contents and
a relatively lower sand fraction (50 vol.%), whereas the other layers in the upper part of the
section (from AC to Cik2) are characterised mainly by a very low clay fraction (approximately
1 vol.%), lower values of the silt fraction (approximately 15 vol.%) and a very high sand
fraction (over 80 vol.%). The Crs layer is characterised by the highest value of the sand fraction
(93 vol.%), while the clay fraction is less than 1 vol.%, and the silt fraction is 5 vol.%. From

Cvrs1 to Cvrss, the sand fraction decreases. It is approximately 60 vol.% overall, whereas the
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silt and clay fractions increase. These values are approximately 35 vol.% and 3 vol.%,
respectively.

The inclusive statistical results of the particle size distributions ranged according to Folk and
Ward (1957) classification are presented in Fig. 4.4. Kurtosis, which measures the peak of the
grain size distribution, reveals five main sequencies. The A horizon with a kurtosis equal to
1.1 is mesokurtic, showing a normal distribution of the grain size. The kurtosis of the layer AC
is 1.6, corresponding to very leptokurtic, reflecting a high peak in the distribution. From layers
Cui to Ckk2, the kurtosis is between 1.3 and 1.5, corresponding to a leptokurtic kurtosis,
indicating a moderate peak in the distribution. The layer Crs has a kurtosis of 1.8, indicating a
very leptokurtic distribution and represented by a high peak in the distribution. The lower layers
(from Cyrs1 to Cvrse) show a kurtosis ranged from 0.6 to 0.9, corresponding to a platykurtic
kurtosis, indicating a flat distribution. The skewness which represents the asymmetry of the
grain size distribution presents four groups of values. In the layer A1, the skewness is 0.28 (fine
skewed), indicating an asymmetric distribution influenced by finer grains. From AC to Ckk,
the skewness is ranged from 0.35 to 0.52 (strongly fine skewed), reflecting an asymmetric
distribution dominated by fine particles. The bottom of the section (from Crs to Cvyrse) with
exception of the layer Cvrs is characterised by skewness values ranged from 0.16 to 0.28 (fine
skewed), demonstrating an asymmetric distribution dominated by finer grains. The layer Cvrs2
is strongly fine skewed (Ski = 0.37). The standard deviation describes the degree of sorting. It
shows three typical trends. The upper part of the section (A1 to Ckk2) is characterised by values
between 1.13 and 1.96, corresponding to poorly sorted layers and indicating significant
variation in grain size. The standard deviation in the Crs layer is 0.86 indicating a moderately
sorted layer, showing a relatively uniform distribution. The lower layers (Cvrsi to Cvrse) are
characterised by values between 2.54 and 2.88, all very poorly sorted, showing extreme

variation in grain size. The mean indicates the average of particle. The upper part of the section
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(A1 to Crs) 1s dominate by change in the mean of particle. The layer A is characterised by an
average of silt particles in (Mz = 4.59). while the layers AC and Cyx; and Ckk, are dominated by
very fine sand particle (Mz is egal to 3.01, 3.35, and 3.04 respectively). The layers Cik2, Ckki
and Crs are represented by an average of fine sand particles (Mz is egal to 2.95, 2.95 and 2.65
respectively). The bottom of the section (Cvrsi to Cvrss) with exception of Cvrss are
characterised by an average of very fine sand particles. The layer Cvrss is characterised by an

average of silt particles in (Mz = 4.36).

Kurtosis (KG) Skewness (Ski) SD (&) Mean (Mz)
0 05 1 15 2 g 025 05 075 0 1 2 3 4 55 3 35 4 45 5
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CFS Very I.eptok@ > Moderaly soorted < Fine sand
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CVFs2 | Strongl/yk'le skewed
CVFS3 g Very poorly'sorted Varina sand
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CVFs4 i Fine skewed
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Fig. 4.4. Particle size distribution based on inclusive statistics parameter (Folk and Ward,
1957).

4.4.2. Bulk and clay mineralogy

The semiquantitative results of the bulk and clay mineralogy are presented in Table 4.3. It is
important to emphasise that the clay fraction is very low (less than 5 wt.%). Consequently, the
proportions of mineralogical clay expressed in Table 4.3 are estimated in accordance with the

relative abundance of the clay minerals identified. The overall pattern shows that quartz is the
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dominant mineral (> 50 wt.%) in the section in the bulk fraction, while montmorillonite is the
dominant clay mineral (> 50 wt.%) in the upper part of the section (A1— Ckk), and kaolinite is
most represented (> 50 wt.%) in the lower part (Cvrs layers). The second most represented
mineral in the bulk fraction is antigorite (10-25 wt.%), which appears throughout the section
but shows a relative decrease in the lower part of the section. The bulk mineralogy also shows
that calcite only appears in the upper layers (A1—Ckk). The maximum concentration of calcite
is observed in the layer Cik (25-50 wt.%). Some minerals, such as aragonite (Ck layer),
muscovite (Cx and Cvrs layers), enstatite (Cik layer), ilmenite (Crs layer), and goethite (Cvrs
layers), were also observed in minor proportions in the bulk fraction (<10 wt.%). Illite is also

well represented in the clay fraction throughout the section (10-25 wt.%).
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Table 4.3. Semiquantitative composition of the bulk and clay mineralogy of the Parakarungu

open quarry section

Bulk mineralogy

*Clay mineralogy

Layer Mineral Abundance Mineral Abundance
Quartz ++++ Montmorillonite +++
Antigorite ++ Kaolinite ++
Calcite + llite ++
A Chlorite +
Quartz ++++ Montmorillonite ++++
Antigorite ++ Ilite ++
Calcite ++ Kaolinite ++
Muscovite + Chlorite +
Ck Aragonite +
Quartz ++++ Montmorillonite ++++
Calcite +++ Illite ++
Antigorite ++
Ckk Enstatite +
Quartz ++++
Antigorite ++
CFS IImenite +
Quartz ++++ Kaolinite ++++
Kaolinite ++ Illite ++
Antigorite + Montmorillonite +
Goethite +
CVFS Muscovite +

++++: > 50%; +++: 25-50%; ++: 10-25%; +: <10%

* All the samples in this study are very low in clay: the clay fraction is less than 5%. The representation
symbols used for clay mineralogy are therefore based on the relative proportions of clay minerals.

4.4.3. Geochemistry

The composition of the major oxides in mass percentage (wt.%), as well as the CIA, the WIP,

the RW all in percent, the strontium concentration in mg kg™! and the ICV are shown in Table

4.4. For the major oxides, four different trends were identified, as shown in the correlation
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circle (Fig. 4.5A). Specific high concentrations can be observed in certain layers or relatively
invariant concentrations along the section (Fig. 4.5B). SiO> is the dominant oxide, with
relatively high values throughout the section. They are generally higher than 70 wt.%. In
contrast, K»O, although not the oxide with the lowest concentrations, shows very low and
relatively stable values throughout the section, all below 0.2 wt.%. On the other hand, two
subgroups of oxides are observed with radically opposite trends. The first consists of CaO,
MgO and MnO, characterised by relatively high values in the upper part of the section (A to
Crs). The values are above 3 wt.%, 0.9 wt.% and 0.4 wt.% for CaO, MgO and MnO,
respectively. However, they are all low in the bottom part of the section (Crys layers), below 2
wt.%, 0.6 wt.% and 0.03 wt.%, respectively. The other subgroup is made up of Al>O3, Fe2O;3,
NaO and TiO, which are characterised by generally low concentrations in the upper part of
the section (less than 0.6 wt.%, 2 wt.%, 0.2 wt.% and 0.2 wt.%, respectively), whereas the
lower part (Cvrs layers) is characterised by generally high values. They can even reach 10, 5,
3 and 2 times the concentrations observed in the upper part for Al,O3, Fe2O3, NaxO and TiO»,
respectively.

For the RW index, the upper part of the section (A1—Cks) is characterised by a range of values
between 10% and 22%. In the lower part (Cves layers), the values are between 25% and 33%.
However, the Ckki1, Cx1 and Ciko layers have the lowest values, with 10.52, 15.06 and 16.28%
respectively. The CIA generally exhibits weak values in the upper part of the profile (A1—
Cik2), whereas those observed in the lower part are generally high. They range from 2 to 7% in
the upper part, compared with 31 to 72% in the lower part. The WIP presented globally high
values in the top part, ranging from 13—36%, whereas they were low in the bottom part,
ranging from 2—10%. The ICV typically shows two contrasting trends. The upper part of the

section (A1 to Ckk2) is characterised by high values ranged from 9.94 to 37.7. The layer Crs is
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characterised by an ICV of 2.3 whereas the bottom part of the section (Cvrsi to Cvrse) is

presenting values below 1, ranged from 0.37 to 0.91.

Table 4.4. Composition of major oxides, robust index of chemical weathering (RW), chemical
index alteration (CIA), weathering index of Parker (WIP), index of compositional variability

(ICV) and strontium content in the Parakarungu open quarry

Horizon Depth Al;03 Cao Fe20:s K0 MgO MnO NaO P20s SiO: TiO: RW CIA wip Icv Sr

[Layer (cm) wt.% % - mg kg*
A 0-24 0.48 3.42 1.06 012 094 004 0.13 0.12 83.40 0.12 | 21.66 6.88 13.43 | 9.94 131
AC 24-63 0.49 4.74 141 012 101 004 0.12 0.14 85.80 0.12 | 23.16 524 16.87 | 12.55 158
Cia 63-114 0.51 6.73 1.22 013 128 004 0.22 0.14 81.80 0.10 | 15.06 3.87 23.69 | 16.67 265
Ci2 114-210 | 0.50 7.06 154 014 158 005 0.12 0.08 80.80 0.12 | 21.69 3.66 24.57 | 18.14 269
Cuia 210-230 ; 039 12.00 166 0.16 2.04 006 0.33 0.03 7150 0.11: 1052 1.70 40.57 | 37.70 294
Cui 230-283 | 037 1150 156 0.16 132 0.04 0.9 0.02 7400 0.09 | 16.28 1.70 36.03 | 35.95 250
Crs 283-343 | 0.27 0.19 1.02 004 015 0.02 013 <0.01 9870 0.11 | 21.70 3096 2.43 2.38 33
Curst 343-372 | 1.24 0.38 099 011 020 0.02 028 001 92.00 0.14 ! 26.04 49.51 5.03 0.91 22
Cvrs2 372-396 | 6.45 0.70 757 017 054 0.02 0.63 0.01 76.90 0.30 | 3293 7218 10.51 | 0.37 59
Curss 396-433 | 2.38 0.31 098 0.10 0.28 0.02 039 0.01 89.60 0.17 : 23.73 64.55 6.00 0.53 52
Cvrsa 433-460 | 4.16 095 10.10 0.12 046 0.02 045 0.02 75.80 0.21 | 33.32 61.65 8.84 | 0.532 17
Curss 460-500 | 2.43 0.43 1.02 011 027 002 037 001 8900 0.16 {2521 6180 6.18 0.56 17
Curss 500+ 241 127 1060 0.11 041 0.01 031 0.02 75.00 0.11 | 33.08 4517 8.14 0.92 83

The strontium (Sr) concentration is globally high in the upper part of the section (A1—Cik2),
ranging from 131—294 mg kg™!. In contrast, relatively low values are shown at the bottom (Crs
to Cvrse). Linear regression between carbonate and Ca shows a very strong positive correlation
between the carbonate content and the Ca concentration with a correlation coefficient R = 0.99
(see Fig. 4.5C). The obtained prediction model also reveals a highly significant relationship,
characterised by a p-value of 2.15x107!°, which is well below the significance level of 0.05.
The regression analysis of strontium and calcium (Fig. 4.5D) reveals a strong significant
dependence on the distribution of these two elements across the section. The p-value is

extremely low (8.49x107°), demonstrating that their relationship can be represented via a linear
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regression model and supporting the use of the Ca/Sr ratio to analyse the movement of calcium

along the section.
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Fig. 4.5. A. Correlation circle of major oxides; B. Biplot samples-major oxides; C. results of

linear regression between carbonate and calcium; D. results of linear regression between

Calcium and strontium
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The Ca/Sr ratio shown in the Fig. 4.6A falls within a wide range of values from 189 to 1011

and shows no typical trend along the section. However, the upper part of the section generally

has a relatively high ratio. The maximum (Ca/Sr = 1011), on the other hand, is observed in the

Cvrs4 layer at the bottom of the section. The Cvrss layer also has a relatively high ratio.

The Al/Si ratio presented in the Fig. 4.6B shows weak values all along the section, ranged from

0.003 to 0.098. This is consistent to the high proportion of SiO» and the domination of the sand

fraction in the section as shown by the result of particle size distribution. Nevertheless, relative

low values are observed in the upper part of the section (A to Crs) ranged from 0.003 to 0.007,

while relatively high values are observed at the bottom (Cvrs), ranged between 0.016 and

0.098. The maximum (0.098) is observed in layer Cvrs>.
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Fig. 4.6. A. Trends of Ca/Sr along the section; B. Trends of Al/Si along the section.

The projection of the Parakarungu samples in the Mafic-felsic-RW diagram (Cho and Ohta,

2022) is shown in the Fig. 4.7. While all the samples show a proximity to the felsic pole and a
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low degree of chemical weathering, there is also a clustering around two blocks. The first group
made up of the layers in the upper part of the section (A1—Cik2) is much closer to the felsic
pole and some samples have undergone a very low degree of chemical weathering to the point
of being projected into the fresh igneous rock zone (Ciki, Ckk2, Ck2). The Crs layer appears
slightly above this group (from the felsic pole to the mafic pole) and seems to represent a
transition to the second group. The second group, made up of the layers in the lower part of the
section (the Cvrs layers), although still located in the felsic half of the diagram, slightly evolved
to the mafic pole. Samples from this group would have undergone a greater degree of
weathering than those from the first group. It should be noted, however, that two sub-groups
stand out within this second group. Sub-group A (Cvrs2, Cvrss and Cyrse) has a relatively
higher degree of chemical weathering and is derived from a relatively more felsic parent
material, whereas sub-group B (Cvrsi, Cvrss and Cvrss) is relatively less altered and is derived

from a relatively more mafic parent material (but still felsic).

100 A1--Ckk

Vi
FELSIC KN

Fig. 4.7. Projection of Parakarungu samples in the ternary diagram: Mafic-Felsic-RW
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4.5. Discussion

4.5.1. Implications for pedogenic processes and depositional environment

The Parakarungu section consists of relatively poorly developed soil overlying three cycles of
sedimentary deposition (see Fig. 4.3A). Pedogenic processes are generally observed in the first
two layers (horizons) A and AC. These horizons are characterised by a gradual transition down
to the subjacent horizon or layer, typical of pedogenesis (FAO guideline for soil description
2006). The dark colour of the A; horizon highlights the melanisation due to the high
contribution of OM under conditions of low decomposition (Prescott and Vesterdal, 2021).
This dark colour and the presence of carbonate in the horizon reflect the characteristics of the
mollic horizons observed in the Kastanozems (Spaargaren, 2008). These moderately calcareous
horizons (5.71—8.12 wt.%) could suggest that calcification, i.e. the accumulation of
carbonates, is a key pedogenetic process in the developing soil. This is a common occurrence
in dry environments where there are limited rainfall and high evaporation, resulting in the
accumulation of calcium carbonate in the soil (Naorem et al., 2022). Moreover, numerous
studies have highlighted the prevalence of this process in the region (Eze et al., 2021; Eze and
Molwalethe, 2024; Matshameko et al., 2023). The two pedogenic features described (dark
colour of the A: and accumulation of pedogenic carbonate) are characteristic of the
Kastanozems (IUSS Working Group WRB, 2022). Nevertheless, the high proportion of the
sand fraction observed (>50 vol.%) is characteristic of Arenosols (IUSS Working Group WRB,
2022). Consequently, this soil can be classified as arenic Kastanozem, with characteristics of
both Kastanozem (major) and Arenosol. Moreover, arenic Kastanozems with similar
characteristics have already been identified in the region (Romanens et al., 2019).

The layers below AC correspond to sedimentary deposits, characterised by a regular and sharp

transition between the layers, a weak level of pedogenic activity, and sporadic shell fragments

181



(FAO guideline for soil description 2006). The statistics on particle size distribution and
mineralogy reveal three distinct phases in the evolution of the deposition environment.

The carbonate-rich sand layers (Ck and Cik) exhibit fine- to very fine-grained sand, with poor
sorting, leptokurtic kurtosis, and a strongly fine-skewed distribution. These characteristics
reflect deposition in a low-energy environment with fluctuating flow conditions (Folk and
Ward, 1957). The poor sorting and strong fine skewness indicate an abundant fine suspended
load and less effective winnowing, typical of overbank deposition (Awasthi, 1970). The high
calcite content in these layers (10—50 wt.%) could indicate detrital carbonate accumulation,
suggesting a change in the river's provenance to include carbonate bedrock (Miiller et al.,
2022). Moreover, this type of carbonate accumulation has been documented in the area (Diaz
et al., 2019). It can also be the result of authigenic precipitation (possibly pedogenic),
suggesting a shift towards the actual semi-arid conditions (Ferdush and Paul, 2021). Besides,
the carbonate features are mainly concentrated around dead roots or in channels left by termites.
Therefore, the pedogenic process should be considered a significant contributor to the
accumulation of carbonates in these layers. Furthermore, the prevalence of semi-arid conditions
is also supported by the dominance of montmorillonite within the clay fraction (Reinoso
Carbonell et al., 2022).

The fine-grained sand layer (Crs) is characterised by very leptokurtic, fine-skewed, and
moderately sorted sediments. These characteristics indicate a more energetic and coherent flow
regime (Folk and Ward, 1957). The moderate sorting and highly leptokurtic distribution imply
efficient transport and sorting by a dominant process (Das et al., 2025), while the fine skewness
suggests that fine-grained particles were still present, perhaps because of a decreasing flow
(Javanbakht et al., 2022). Such features reflect deposition in an active fluvial channel (Ghsoub
et al., 2020), suggesting that the fluvial channel was much closer to or actively crossing the

study site. This phase is represented by a thinner layer, at 60 cm thick compared to 220 cm for
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the upper phase (Ck and Ciki) and more than 250 cm for the lower phase (Cvrs). This can suggest
a relatively short period of deposition. This implies a shift in the depositional environment,
most likely associated with tectonic uplift and erosion, revealing a less weathered bedrock
(Mokatse et al., 2022a).

The very fine-grained sand layers (Cvrs) are characterised by platykurtic, fine skewed, and
very poorly sorted sediment layers. These picture a very low-energy, calm environment with
highly variable deposition and/or a mixture of several sediment populations, where fine
skewness highlights the significant settling of fine-grained particles (Folk and Ward, 1957).
This could indicate a variety of environments, such as a low-energy lake, a quiet lagoon, or a
deep-water area far from shore, where fine sediments can accumulate without being disturbed
by strong currents or waves action (Awasthi, 1970). However, the current case could
correspond to a shallow lacustrine environment, justified by variations in deposits and the
mixing of several sediment populations (Vessia and Di Curzio, 2018). Moreover, the shift from
a shallow lacustrine environment to the current alluvial floodplain has also been demonstrated
by numerous studies in the region (Mokatse et al., 2023; Vainer et al., 2024). Furthermore, the
dominance of kaolinite in the clay fraction may indicate an area with high rainfall, good

drainage and a warm, humid climate (Lyu and Lu, 2024).

4.5.2. Sediments Provenance and Weathering

According to the Mafic-Felsic-RW diagram (Fig. 4.7), the sediments in the section were
derived from a weak degree of chemical weathering of felsic parent materials. This is consistent
with the dominance of quartz in the bulk mineralogy and the content of SiO; observed all along
the section. Nevertheless, antigorite is generally formed by hydrothermal alteration,
specifically serpentinization of olivine and pyroxene minerals in ultramafic rocks (Hoinkes et
al., 2005). This complexity in the origin of the sediments is also highlighted by the ICV trend

along the section. In the basal part (Crs and Cvrs layers), sediments showed high maturity (ICV
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<1). This reflects intense chemical weathering of the parent rock, long transport, or multiple
reworking processes, resulting in a dominance of stable minerals (such as quartz) in the
sediments (Cox et al., 1995). In the upper part (A1—Cw), the sediments exhibited extreme
immaturity (ICV >>1). This suggests a weak degree of chemical weathering of the parent
material and short transport distances (Cox et al., 1995). Consequently, the ICV in the upper
part aligns with the Mafic-Felsic-RW diagram results. However, a discrepancy in the degree
of weathering is evident in the basal part, as the Mafic-Felsic-RW diagram indicates a weak
degree of weathering.

Furthermore, the WIP, the RW and the CIA exhibited contrasting patterns across the section.
The highest WIP values and the lowest CIA and RW values were observed in the upper part of
the section. Conversely, in the basal part, the opposite trend was observed. The CIA and the
WIP are two widely used indices for estimating the degree of chemical weathering. However,
the underlying principles of their application differ slightly. In the case of the CIA, the formula
(Eq. 3.3) highlights the relative enrichment of Al>O3 due to the loss of mobile cations such as
Ca’**, Na', and K" during the chemical weathering of primary silicate minerals. This loss leads
to an accumulation of AI** within clay minerals (Nesbitt and Young, 1982). Thus, the CIA does
not depend on the absolute concentration of these elements in the parent rock, but rather on the
ratio between the loss of mobile elements (Ca?", Na*, and K*) from the parental material and
the formation of clay minerals (Cho and Ohta, 2022). This implies that rocks with a low initial
concentration of these elements, which undergo intense weathering, leading to the formation
of clay minerals, will exhibit a high CIA (Goldberg and Humayun, 2010; Odoma et al., 2015).
This is likely the case for the Cyrs layers, which result from highly recycled materials (ICV<1).
While such material would already be depleted in mobile cations due to previous weathering

cycles, the high intensity of the weathering process drives a maximal transformation of

184



remaining primary mineral relics into clay minerals (high Al/Si), explaining the high CIA
despite the initial low concentration of these elements.

In the case of WIP, its application is only based on the loss of four alkali and alkaline earth
cations (Ca**, Mg?*, Na" and K*) during the chemical weathering of primary silicate minerals
(Eq. 3.4). From this point of view, the initial richness of the parent material in respect of these
elements may influence the WIP and explain the low values observed in the Cvrs layers.
However, under certain conditions, particularly a low degree of chemical weathering, the loss
of these alkali and alkaline-earth cations is not always followed by the formation of clay
minerals. For example, arid or semi-arid conditions can lead to the precipitation of carbonate
minerals (Diaz-Hernandez et al., 2013; Eze et al., 2021). Thus, the transition from low WIP
values in the Cvrs layers to high values in the upper part (Cx and Cyk) may be related to a change
in the parent materials and in the weathering conditions.

Discrepancies between CIA and WIP trends have been reported by Shao et al. (2012) in
Chinese river floodplain sediments. They described an environment characterised by the
influence of various source rocks, high relief, active tectonic uplift overall poor vegetation and
soil development. These conditions are quite similar to those in the study area. The soils are
very poorly developed (Eze et al., 2021; Eze and Molwalethe, 2024). The alluvial fan is
underlain by a system of active faults, which cause tectonic uplift (Kinabo et al., 2007; Pastier
et al., 2017). Furthermore, certain phases of the filling of the alluvial fan may have taken place
at the expense of the weathering of neighbouring geological formations whose composition is
also highly diverse (Bordy et al., 2010; Elias and Bineli Betsi, 2023). This amalgamation
probably led to the chemical rejuvenation of the deposits and the incorporation of ultramafic
rocks, from which minerals such as antigorite are derived. The evidence for this can be
observed in the gravel fragments that are still undergoing chemical weathering (Fig. 4.3E). It

may explain the low degree of chemical weathering attributed to the Cvrs layers in the Mafic-
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Felsic-RW diagram. All these aspects illustrate a diverse origin, as suggested by other studies
carried out on the Kalahari sedimentary basin (Mokatse et al., 2023; Vainer et al., 2018),
Nevertheless, felsic rocks should predominate, given the results of the Mafic-Felsic-RW
diagram. The presence of sediments in this basin is controlled not only by the tectonic
deformation that accompanies the establishment of the alluvial fan but also by the resulting
changes in hydrological flow (Kinabo et al., 2008; Mokatse et al., 2022b; Vainer et al., 2021).
In addition, studies have shown that tributary contributions cover a large portion of the Congo
and Zimbabwe cratons, which explains the high diversity of sediments within the basin

(Haddon and McCarthy, 2005).

4.5.3. Calcium Origin and Pedogenic Carbonate Accumulation

As shown in Fig. 4.5C, carbonate accumulation in this section is significantly correlated with
the presence of calcium, for which the prediction model is consistent with the observed values
(p-value = 2.15x1071%). This suggests a substantial dependence of carbonate precipitation on
calcium availability and dominance of calcite at the expense of other types of carbonates, such
as dolomite. While this model should be treated with great caution given the small amount of
data considered, these findings are supported by the mineralogy, which highlights calcite as
the important carbonate type in the section. However, a tiny fraction of aragonite was also
found. In the absence of detailed analyses, such as micromorphological analyses or
sophisticated isotopic analyses (including the use of stable isotopes of carbon and oxygen, and
strontium isotope ratio), the prioritisation of one formation process over another may be
misleading (Dina Ebouel et al., 2024). However, carbonate accumulation is in the initial stage,
designated as stage I by Gile (1993). This is corroborated by the predominant accumulations,
either in powder form in soil pores (coating soil clods or filling termite tunnels), or along the
roots of dead plants. Both cases reflect the dominance of pedogenic processes. In the case of

accumulation around plant roots (rhizoliths), Zamanian et al. (2016), highlighted the fixation
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of upward-moving Ca*" (evaporation or capillarity) by CO, from root respiration. They also
pointed out that pore accumulation (hypocoatings or pseudomycelia) is linked to the
penetration of percolating water through the soil matrix. During this penetration, the CO; is
affected by a strong decrease in pressure when moving from the large or medium pore sizes to
the micropores. This leads to the crystallisation of CaCOj3 in the pore space.

In carbonate-rich sand layers, there is a high rate of WIP, which reflects losses of bases,
including Ca, Mg, Na and K from a silicates minerals source (Parker, 1970). Moreover, as
shown by Cho and Ohta (2022), the low RW observed in these layers could be associated with
the formation of pedogenic carbonates. This is further corroborated by the low CIA values,
which indicate that losses are not followed by clay formation, as also confirmed by the low
Al/Siratio. As explained in the section 4.5.2, the combination of high WIP and low CIA in this
context can be explained by significant leaching of cations released by weak weathering of
silicates minerals, probably during wet periods (rainy season). The alkaline pH and semi-arid
climate lead to precipitation in soil voids (pores, termite tunnels, dead roots channels) of
carbonates (pedogenic) in the same layer or in the soil horizons above (Naorem et al., 2022).
This is encouraged by the availability of carbon and oxygen through biological activities such
as root respiration (Zamanian et al., 2016) and termite activity (Mujinya et al., 2011). This
prioritises in situ accumulation processes, either by dissolution-recrystallisation of pre-existing
carbonates, or by the weathering of Ca**-rich primary silicates as the formation process for
carbonates in these layers.

The linear regression model between strontium and calcium resulted in a strong positive
correlation (R = 0.92) between the two variables in this section. This demonstrates a close
relationship between their fractionation processes and the usefulness of the Ca/Sr ratio for
tracing calcium movements. A high Ca/Sr ratio indicates preferential incorporation of Ca over

Sr and vice versa (Sinclair, 2011; Zhang et al., 2020). Thus, the high Ca/Sr in the upper section
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is consistent with the accumulation of CaCOs3. Nevertheless, the elevated Ca/Sr ratio in Cyrsa,
which exhibits a low CaCOs content, may instead be indicative of the presence of substantial
quantities of Ca-rich silicate minerals. This is consistent with the presence of weakly weathered
gravel and fresh rock in the context described in section 4.5.2. This suggests that CVFS layers
are also suppliers of Ca?". Thus, the Ca?* from the weathering of the basal layers of the section
is mobilised by upward movement (capillary rise, evaporation) towards the upper layers where
the carbonate accumulates (Zamanian et al., 2016). Nevertheless, as previous studies have
shown, the origin of calcium in pedogenic carbonate generally involves a diversity of sources
(Dietrich et al., 2021; Durand et al., 2006). Therefore, a conclusion on the overall origins of
calcium in this system cannot be drawn without a precise and rigorous identification of the
potential parent materials (Capo and Chadwick, 1999). The contribution of aeolian deposits
very prominent in the area (Dougill and Thomas, 2004) or geogenic carbonates cannot be
excluded as mentioned by several studies in the region (Diaz et al., 2019; Nash, 2022).

In summary, and as shown in Fig. 4.8, the movement and accumulation of calcium within the
section highlights two types of mechanism. Firstly, an upward movement, from the Cvrs base
layers towards the accumulation layers (Ckk, Cx and AC), then a local transfer expressed by an
in-situ movement of the minerals undergoing weathering towards the pedogenic carbonates.

It is worth highlighting a methodological limitation concerning the use, in this study, of
weathering indices corrected for CaO* (CIA, WIP). Correction relative to CaO* is based on an
a priori assumption regarding the distribution of CaO between silicate and carbonate sources,
which caps the fraction of silicate origin relative to Na;O (McLennan 1993). Given that one of
the central objectives of this study is precisely to determine the origin of calcium in pedogenic
carbonates, this introduces an element of circularity (these indices are themselves partly
conditioned by an assumption regarding this origin). This limitation is common to CaO*-based

indices in general and is difficult to overcome without independent geochemical constraints,
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such as data on radiogenic or stable isotopes, which were beyond the scope of this study. To
address this, the interpretations of the origin of calcium presented in Section 4.5.3 do not rely
solely on the CIA and WIP, but are cross-checked with independent data (Ca/Sr ratios and their
correlation with CaCOsz and Ca contents, mineralogical identification of carbonate phases
(XRD) and field observations of carbonate morphology). Future work incorporating strontium
or stable isotope analyses would enable this limitation to be addressed more directly.
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Fig. 4.8. Pedogenic model of carbonate accumulation in Parakarungu open quarry section.

4.6. Conclusions

Important research questions concerning the origin of calcium, formation and depositional
processes of calcium carbonates in a prominent landform in the Chobe Enclave (northern
Botswana) has been addressed in this study using a multiple proxy approach. The key findings

show that environmental and climate change in the area would have influenced its landscape
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evolution and carbonate formation. The accumulation of pedogenic carbonates is guided by
two calcium movement mechanisms. The first is an upward movement from the base of the
section following the chemical weathering of silicate minerals (Cf. Eq. 4.1) to the pedogenic
carbonate accumulation layer (Cf. Eq. 4.2). The second is characterised by an in-situ
translocation of pre-existing carbonate minerals or silicate minerals subject to chemical
weathering towards the pedogenic carbonates accumulating in the same layer. These results
demonstrate the interesting but often underestimated potential of pedogenic carbonates to trap
atmospheric carbon dioxide since the formation of calcium carbonate as a result of the
weathering of silicates enables one mole of carbon dioxide to be trapped in the system (Cf. Eq.
4.1 and Eq. 4.2). They therefore highlight the contribution of the region's geological substratum
to carbon sequestration in the local soils. Though no evidence has been found to support the
exclusivity of this pathway in the present case. However, these methods are based on the
analysis of a single section, although fairly representative of the study area, are still very limited
and require analysis on a larger scale. Furthermore, the methods used are indirect and could be
supplemented by more direct approaches (micromorphological and isotopic analyses).
Therefore, future research should compare these results to improve approaches and increase

the scale of observation.

190



References

An H, Li QL, Yan X, et al (2019) Desertification control on soil inorganic and organic carbon
accumulation in the topsoil of desert grassland in Ningxia, northwest China. Ecol Eng 127:348—
355. https://doi.org/10.1016/j.ecoleng.2018.12.014

Awasthi AK (1970) Skewness as an environmental indicator in the solani river system, Roorkee
(India).  Sediment  Geol  4:177-183.  https://doi.org/https://doi.org/10.1016/0037-
0738(70)90010-2

Bordy EM, Segwabe T, Makuke B (2010) Sedimentology of the Upper Triassic-Lower Jurassic (?)
Mosolotsane Formation (Karoo Supergroup), Kalahari Karoo Basin, Botswana. Journal of
African Earth Sciences 58:127—-140. https://doi.org/10.1016/j.jafrearsci.2010.02.006

Bufford KM, Atekwana EA, Abdelsalam MG, et al (2012) Geometry and faults tectonic activity of
the Okavango Rift Zone, Botswana: Evidence from magnetotelluric and electrical resistivity
tomography imaging. Journal of  African  Earth Sciences 65:61-71.
https://doi.org/https://doi.org/10.1016/j.jafrearsci.2012.01.004

Bughio MA, Wang P, Meng F, et al (2016) Neoformation of pedogenic carbonates by irrigation and
fertilization and their contribution to carbon sequestration in soil. Geoderma 262:12—19.
https://doi.org/10.1016/j.geoderma.2015.08.003

Bughio MA, Wang P, Meng F, et al (2017) Neoformation of pedogenic carbonate and conservation
of lithogenic carbonate by farming practices and their contribution to carbon sequestration in
soil. Zeitschrift fur  Pflanzenernahrung  und  Bodenkunde 180:454-463.
https://doi.org/10.1002/jpln.201500650

Burrough SL, Thomas DSG (2008) Late Quaternary lake-level fluctuations in the Mababe
Depression: Middle Kalahari palaeolakes and the role of Zambezi inflows. Quat Res 69:388—

403. https://doi.org/DOI: 10.1016/j.yqres.2008.02.003

191



Burrough SL, Thomas DSG, Bailey RM (2009) Mega-Lake in the Kalahari: A Late Pleistocene
record of the Palacolake Makgadikgadi system. Quat Sci Rev 28:1392-1411.
https://doi.org/https://doi.org/10.1016/j.quascirev.2009.02.007

Capo RC, Chadwick OA (1999) Sources of strontium and calcium in desert soil and calcrete

Capo RC, Stewart BW, Chadwick OA (1998) Strontium isotopes as tracers of ecosystem processes:
theory and methods

Cho T, Ohta T (2022) A robust chemical weathering index for sediments containing authigenic and
biogenic materials. Palaeogeogr Palaeoclimatol Palaeoecol 608:111288.
https://doi.org/10.1016/J.PALAEO.2022.111288

Cox R, Lowe DR, Cullers RL (1995) The influence of sediment recycling and basement composition
on evolution of mudrock chemistry in the southwestern United States. Geochim Cosmochim
Acta 59:2919-2940. https://doi.org/https://doi.org/10.1016/0016-7037(95)00185-9

Curtis Monger H, Kraimer RA, Khresat S, et al (2015) Sequestration of inorganic carbon in soil and
groundwater. Geology 43:375-378. https://doi.org/10.1130/G36449.1

Das M, Chakraborty K, Rahaman S, et al (2025) Deciphering bed-load characteristics of the fluvially
dynamic Balason River in Darjeeling of the Sub-Himalayan foreland, India. Journal of
Sedimentary Environments. https://doi.org/10.1007/s43217-025-00239-4

Diaz N, Armitage SJ, Verrecchia EP, Herman F (2019) OSL dating of a carbonate island in the
Chobe Enclave, NW Botswana. Quat Geochronol 49:172-176.
https://doi.org/https://doi.org/10.1016/j.quageo.2018.03.001

Diaz-Hernandez JL, Sdnchez-Navas A, Reyes E (2013) Isotopic evidence for dolomite formation in
soils. Chem Geol 347:20-33. https://doi.org/https://doi.org/10.1016/j.chemgeo.2013.03.018

Dietrich F, Diaz N, Deschamps P, et al (2017) Origin of calcium in pedogenic carbonate nodules

from silicate watersheds in the Far North Region of Cameroon: Respective contribution of in

192



situ weathering source and dust input. Chem Geol 460:54-69.
https://doi.org/10.1016/j.chemgeo0.2017.04.015

Dietrich F, Diaz N, Deschamps P, et al (2021) Calcium transfer and mass balance associated with
soil carbonate in a semi-arid silicate watershed (North Cameroon): An overlooked geochemical
cascade? Depositional Record 2021:. https://doi.org/10.1002/dep2.134i

Dina Ebouel FJ, Betsi TB, Eze PN (2024) Soil inorganic carbon: A review of global research trends,
analytical techniques, ecosystem functions and critical knowledge gaps. Catena (Amst)
242:108112. https://doi.org/https://doi.org/10.1016/j.catena.2024.108112

Dougill AJ, Thomas AD (2004) Kalahari sand soils: Spatial heterogeneity, biological soil crusts and
land degradation. Land Degrad Dev 15:233-242. https://doi.org/10.1002/1dr.611

Durand N, Ahmad SM, Hamelin B, et al (2006) Origin of Ca in South Indian calcretes developed
on metamorphic rocks. J Geochem Explor 88:275-278.
https://doi.org/10.1016/j.gexplo.2005.08.055

Elias E, Bineli Betsi T (2023) Petrological and geochemical characterisation of the Kgwebe volcanic
formation in the Ghanzi-Chobe belt portion of the Kalahari copper belt, Western Botswana.
Journal of African Earth Sciences 206:105038.
https://doi.org/https://doi.org/10.1016/j.jafrearsci.2023.105038

Eze PN, Molwalefhe LN (2024) Late Quaternary palaecoenvironmental reconstruction of a Chobe
Enclave landform (NW Botswana) based on pedological and geochemical indices. Journal of
Sedimentary Environments 9:35-45. https://doi.org/10.1007/s43217-023-00155-5

Eze PN, Molwalethe LN, Kebonye NM (2021) Geochemistry of soils of a deep pedon in the
Okavango Delta, NW Botswana: Implications for pedogenesis in semi-arid regions. Geoderma
Regional 24:. https://doi.org/10.1016/j.geodrs.2020.e00352

Ferdush J, Paul V (2021) A review on the possible factors influencing soil inorganic carbon under

elevated CO2. Catena (Amst) 204

193



Folk RL, Ward WC (1957) Brazos River bar [Texas]; a study in the significance of grain size
parameters. Journal of Sedimentary Research 27:3-26. https://doi.org/10.1306/74D70646-
2B21-11D7-8648000102C1865D

Food and Agriculture Organization of the United Nations (2006) Guidelines for soil description.
Food and Agriculture Organization of the United Nations

Ghsoub M, Fakhri M, Courp T, et al (2020) River signature over coastal area (Eastern
Mediterranean): Grain size and geochemical analyses of sediments. Reg Stud Mar Sci
35:101169. https://doi.org/https://doi.org/10.1016/j.rsma.2020.101169

Gile LH (1993) Carbonate Stages in Sandy soils of Leasburg surface, Souther New Mexico. Soil
Sci 156:

Goldberg K, Humayun M (2010) The applicability of the Chemical Index of Alteration as a
paleoclimatic indicator: An example from the Permian of the Parana Basin, Brazil. Palacogeogr
Palaeoclimatol Palaeoecol 293:175-183.
https://doi.org/https://doi.org/10.1016/j.palaeo.2010.05.015

Golubtsov V, Bronnikova M, Khokhlova O, et al (2021) Morphological and isotopic study of
pedogenic carbonate coatings from steppe and forest-steppe areas of Baikal region, South-
Eastern Siberia. Catena (Amst) 196:. https://doi.org/10.1016/j.catena.2020.104817

Grey DRC, Cooke HJ (1977) Some problems in the quaternary evolution of the landforms of
northern Botswana. Catena (Amst) 4:123—133. https://doi.org/https://doi.org/10.1016/0341-
8162(77)90014-5

Haddon IG, McCarthy TS (2005) The Mesozoic—Cenozoic interior sag basins of Central Africa:
The Late-Cretaceous—Cenozoic Kalahari and Okavango basins. Journal of African Earth

Sciences 43:316-333. https://doi.org/https://doi.org/10.1016/j.jafrearsci.2005.07.008

194



Hoinkes G, Hauzenberger CA, Schmid R (2005) METAMORPHIC ROCKS | Classification,
Nomenclature and Formation. In: Selley RC, Cocks LRM, Plimer IR (eds) Encyclopedia of
Geology. Elsevier, Oxford, pp 386402

IUSS Working Group WRB (2022) World Reference Base for Soil Resources. International soil
classification system for naming soils and creating legends for soil maps, 4th edition.
International Union of Soil Sciences, Vienna

Javanbakht M, Beheshtipur MR, Raftari Farimani S (2022) Factors affecting average grain size
changes in rivers of a catchment area (Ardak catchment area, northeast Iran). Arabian Journal
of Geosciences 15:448. https://doi.org/10.1007/s12517-021-08512-2

Khokhlova O, Myakshina T (2018) Dynamics of carbonates in soils under different land use in
forest-steppe area of russia using stable and radiogenic carbon isotope data. Geosciences
(Switzerland) 8:. https://doi.org/10.3390/geosciences8040144

Khokhlova OS, Chendev YG, Myakshina TN, Shishkov VA (2013) The pool of pedogenic carbon
in the soils of different types and durations of use as croplands in the forest-steppe of the
Central Russian Upland. Eurasian Soil Science 46:530-540.
https://doi.org/10.1134/S1064229313050062

Kinabo BD, Atekwana EA, Hogan JP, et al (2007) Early structural development of the Okavango
rift zone, NW Botswana. Journal of African Earth Sciences 48:125-136.
https://doi.org/https://doi.org/10.1016/j.jafrearsci.2007.02.005

Kinabo BD, Hogan JP, Atekwana EA, et al (2008) Fault growth and propagation during incipient
continental rifting: Insights from a combined aeromagnetic and Shuttle Radar Topography
Mission digital elevation model investigation of the Okavango Rift Zone, northwest Botswana.

Tectonics 27:. https://doi.org/https://doi.org/10.1029/2007TC002154

195



Liu E, Zhou J, Yang X, et al (2023) Long-term organic fertilizer-induced carbonate neoformation
increases carbon sequestration in soil. Environ Chem Lett. https://doi.org/10.1007/s10311-023-
01568-4

Lyu H, Lu H (2024) Precipitation is the main control on the global distribution of soil clay minerals.
Earth Sci Rev 257:104891. https://doi.org/https://doi.org/10.1016/j.earscirev.2024.104891

Matshameko Y, Okolo CC, Eze PN (2023) Near-surface pedosediments of Takatokwane saline pan,
southern Botswana: Properties, pedogenic processes, and inferences of environmental change.
Geoderma Regional 34:¢00696. https://doi.org/10.1016/J.GEODRS.2023.E00696

McLennan SM (1993) Weathering and Global Denudation. J Geol 101:295-303.
https://doi.org/10.1086/648222

Milliere L, Gussone N, Moritz T, et al (2019) Origin of strontium and calcium in pedogenic needle
fibre calcite (NFC). Chem Geol 524:329-344. https://doi.org/10.1016/j.chemgeo.2019.06.022

Mokatse T, Diaz N, Shemang E, et al (2022a) Landscapes and Landforms of the Chobe Enclave,
Northern Botswana. In: Eckardt FD (ed) Landscapes and Landforms of Botswana. Springer
International Publishing, Cham, pp 91-116

Mokatse T, Prud’Homme C, Vainer S, et al (2023) Sepiolite as a multifactorial indicator of
paleoenvironments in the Chobe Enclave (northern Botswana). Sediment Geol 454:106459.
https://doi.org/https://doi.org/10.1016/j.sedgeo.2023.106459

Mokatse T, Vainer S, Irving J, et al (2022b) Geometry of sedimentary deposits and evolution of the
landforms in the Chobe Enclave, Northern Botswana. Geomorphology 415:108406.
https://doi.org/https://doi.org/10.1016/j.geomorph.2022.108406

Moses O, Blamey RC, Reason CJC (2023) Extreme rainfall events over the Okavango river basin,
southern Africa. Weather Clim Extrem 41:100589.

https://doi.org/https://doi.org/10.1016/j.wace.2023.100589

196



Mujinya BB, Mees F, Boeckx P, et al (2011) The origin of carbonates in termite mounds of the
Lubumbashi area, D.R. Congo. Geoderma 165:95-105.
https://doi.org/10.1016/j.geoderma.2011.07.009

Miiller G, Borker J, Sluijs A, Middelburg JJ (2022) Detrital Carbonate Minerals in Earth’s Element
Cycles. Global Biogeochem Cycles 36:¢2021GB007231.
https://doi.org/https://doi.org/10.1029/2021GB007231

Naorem A, Jayaraman S, Dalal RC, et al (2022) Soil Inorganic Carbon as a Potential Sink in Carbon
Storage in  Dryland  Soils—A  Review.  Agriculture  (Switzerland) 12:.
https://doi.org/10.3390/agriculture12081256

Nash DJ (2022) Calcretes, Silcretes and Intergrade Duricrusts. In: Eckardt FD (ed) Landscapes and
Landforms of Botswana. Springer International Publishing, Cham, pp 223-246

Nesbitt HW, Young GM (1982) Early Proterozoic climates and plate motions inferred from major
element chemistry of lutites. Nature 299:715-717. https://doi.org/10.1038/299715a0

Odoma AN, Obaje NG, Omada JI, et al (2015) Mineralogical, chemical composition and distribution
of rare earth elements in clay-rich sediments from Southeastern Nigeria. Journal of African
Earth Sciences 102:50—60. https://doi.org/https://doi.org/10.1016/j.jafrearsci.2014.10.013

Ortiz AC, Jin L, Ogrinc N, et al (2022) Dryland irrigation increases accumulation rates of pedogenic
carbonate and releases soil abiotic CO2. Sci Rep 12:. https://doi.org/10.1038/s41598-021-
04226-3

Parker A (1970) An Index of Weathering for Silicate Rocks. Geol Mag 107:501-504.
https://doi.org/DOI: 10.1017/S0016756800058581

Pastier A-M, Dauteuil O, Murray-Hudson M, et al (2017) Is the Okavango Delta the terminus of the
East African Rift System? Towards a new geodynamic model: Geodetic study and geophysical
review. Tectonophysics 712-713:469-481.

https://doi.org/https://doi.org/10.1016/j.tecto.2017.05.035

197



Pfeiffer M, Padarian J, Vega MP (2023) Soil inorganic carbon distribution, stocks and
environmental thresholds along a major climatic gradient. Geoderma 433:116449.
https://doi.org/https://doi.org/10.1016/j.geoderma.2023.116449

Prescott CE, Vesterdal L (2021) Decomposition and transformations along the continuum from litter
to soil organic matter in forest soils. For Ecol Manage 498:119522.
https://doi.org/https://doi.org/10.1016/j.foreco.2021.119522

Reinoso Carbonell V V, Collo G, Wunderlin CA, et al (2022) Clay mineral assemblages as
indicators of paleoenvironmental and diagenetic dynamics in the Neogene Fiambal4 Basin,
NW Argentina. J South Am Earth Sci 118:103949.
https://doi.org/https://doi.org/10.1016/j.jsames.2022.103949

Ringrose S, Huntsman-Mapila P, Downey W, et al (2008) Diagenesis in Okavango fan and adjacent
dune deposits with implications for the record of palaeo-environmental change in
Makgadikgadi—-Okavango—Zambezi basin, northern Botswana. Geomorphology 101:544-557.
https://doi.org/https://doi.org/10.1016/j.geomorph.2008.02.008

Romanens R, Pellacani F, Mainga A, et al (2019) Soil diversity and major soil processes in the
Kalahari basin, Botswana. Geoderma Regional 19:¢00236.
https://doi.org/https://doi.org/10.1016/j.geodrs.2019.e00236

Shao J, Yang S, Li C (2012) Chemical indices (CIA and WIP) as proxies for integrated chemical
weathering in China: Inferences from analysis of fluvial sediments. Sediment Geol 265—
266:110-120. https://doi.org/https://doi.org/10.1016/j.sedge0.2012.03.020

Sharififar A, Minasny B, Arrouays D, et al (2023) Soil inorganic carbon, the other and equally
important soil carbon pool: Distribution, controlling factors, and the impact of climate change.

In: Advances in Agronomy. Academic Press Inc., pp 165-231

198



Sheldon ND, Tabor NJ (2009) Quantitative paleoenvironmental and paleoclimatic reconstruction
using paleosols. Earth Sci Rev 95:1-52.
https://doi.org/https://doi.org/10.1016/j.earscirev.2009.03.004

Sherrod LA, Dunn G, Peterson GA, Kolberg RL (2002) Inorganic Carbon Analysis by Modified
Pressure-Calcimeter Method. Soil Science Society of America Journal 66:299-305.
https://doi.org/10.2136/sss2j2002.2990

Sinclair DJ (2011) Two mathematical models of Mg and Sr partitioning into solution during
incongruent calcite dissolution: Implications for dripwater and speleothem studies. Chem Geol
283:119-133. https://doi.org/https://doi.org/10.1016/j.chemgeo.2010.05.022

Spaargaren O (2008) Kastanozems. In: Chesworth W (ed) Encyclopedia of Soil Science. Springer
Netherlands, Dordrecht, pp 421423

Vainer S, Erel Y, Matmon A (2018) Provenance and depositional environments of Quaternary
sediments in the southern Kalahari Basin. Chem  Geol 476:352-369.
https://doi.org/10.1016/j.chemgeo.2017.11.031

Vainer S, Matmon A, Erel Y, et al (2021) Landscape responses to intraplate deformation in the
Kalahari constrained by sediment provenance and chronology in the Okavango Basin. Basin
Research 33:1170-1193. https://doi.org/https://doi.org/10.1111/bre.12509

Vainer S, Schmidt C, Garzanti E, et al (2024) Chronology of Sedimentation and Landscape
Evolution in the Okavango Rift Zone, a Developing Young Rift in Southern Africa. J Geophys
Res Earth Surf 129:€2023JF007554. https://doi.org/https://doi.org/10.1029/2023JF007554

Vessia G, Di Curzio D (2018) Lacustrine Deposits. In: Bobrowsky P, Marker B (eds) Encyclopedia
of Engineering Geology. Springer International Publishing, Cham, pp 1-6

Vittoz P, Pellacani F, Romanens R, et al (2020) Plant community diversity in the chobe enclave,
botswana: Insights for functional habitat heterogeneity for herbivores. Koedoe 62:1-17.

https://doi.org/10.4102/koedoe.v62i1.1604

199



Walkley A, Black TA (1934) An examination of the degtjareff method for determining soil organic
matter, and a proposed modification of the chromic acid titration method. Soil Sci 37:

Zamanian K, Pustovoytov K, Kuzyakov Y (2016) Pedogenic carbonates: Forms and formation
processes. Earth Sci Rev 157:1-17

Zhang S, Zhou R, DePaolo DJ (2020) The seawater Sr/Ca ratio in the past 50 Myr from bulk
carbonate sediments corrected for diagenesis. Earth Planet Sci Lett 530:115949.

https://doi.org/https://doi.org/10.1016/j.epsl.2019.115949

200



CHAPTER FIVE

Pedogenic and Sedimentary Controls on Carbonate Accumulation in Semi-arid Fluvial

Landscape, Central Botswana*

Abstract

The formation and accumulation of pedogenic carbonates represent an important pathway for
long-term carbon sequestration in global dryland regions. However, accurately assessing their
contribution to the regional carbon budget requires distinguishing between pedogenic (in-situ
soil formation) and sedimentary processes, which often occur concurrently in dynamic
environments. This study investigated the formation and accumulation of carbonate features
within four pedosedimentary sections located along ephemeral stream banks in semi-arid
Central Botswana. The method used involved combining morphological and physicochemical
characterisation with geochemical indices in the observed horizons/layers. Geochemical
indices include the robust chemical weathering index (RW), the calcification index (Mg +
Ca)/Al), the clayeyness index (Al/Si) and Mg/Ca ratios. Analysis of the sections reveals a
cyclical palaecoenvironmental history marked by buried palaeosols whose development was
repeatedly interrupted by successive episodes of fluvial sedimentary deposition, followed by
the resumption of modern pedogenesis. Particle size analysis of the deposit layers confirms a
pulsed fluvial regime, with sediments ranging from poorly sorted fine sand upstream to
extremely poorly sorted coarse silt downstream, indicating hydraulic sorting according
controlled by flood energy. Geochemically, the low RW values, ranging overall between 30%
and 60%, and the clay index generally below 0.3 indicate a limited degree of chemical

weathering and low clay neoformation, reflecting the predominance influence of the arid

4 This chapter is based on a research article co-authored with Thierry Bineli Betsi, Elisabeth Eiche,

Stefan Norra, and Peter N. Eze; currently under review in Geoderma Regional
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environment. Calcification was identified as the dominant pedogenic process in all sections
(both ancient and modern), characterised by a high CaCOj; content (14 to 22%), confirmed by
the calcification index in the calcic horizons. The low Mg/Ca ratio strongly suggests the
predominance of calcite as the main pedogenic carbonate phase. These findings highlight that
the total carbonate accumulation in the study area is a direct result of the complex interplay
between repetitive fluvial deposition (pedosedimentary history) and subsequent in-situ
pedogenic calcification. The results underscore the critical importance of pedogenic carbonate
accumulation in the soils of Botswana, a major process that plays a significant role in the
regional carbon balance and should be accounted for in carbon budget models for semi-arid
fluvial systems.

Keywords: Buried palacosol; Depositional environments; Pedogenesis; Sedimentation; Soil

inorganic carbon.
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5.1. Introduction

One of the most pressing environmental challenges of the twenty-first century is the global rise
in the amount of carbon dioxide (CO3) in the atmosphere (Nunes, 2023). As CO; builds up, it
has a bigger effect on radiative forcing, which speeds up global warming and makes ecosystems
around the planet less stable. Reducing atmospheric carbon dioxide emission therefore is a
global priority. To solve this problem, there is a need to do more than just cut emissions at their
source. It is important to make natural carbon sinks better at removing CO: from the air. Soil
is one of the Earth's most important carbon reservoirs, with about 2157-2293 Pg (1Pg=10" g)
of carbon in the upper 100 cm (Batjes, 2014). The significance of this pool highlights the
critical function of belowground activities in the global terrestrial carbon cycle. Soil can serve
as either a net sink or a source of atmospheric CO2, contingent upon its management and
biogeochemical dynamics (Bhattacharyya et al., 2017). From a research perspective, it is
important not only to evaluate the capacity of major carbon sinks to reduce atmospheric carbon
dioxide levels, but also to examine in detail their potential contributions to changes in
atmospheric CO; dynamics into the atmosphere (Kuzyakov et al., 2019).

For a long time, studies on soil carbon have mostly looked at soil organic carbon (SOC). But
growing evidence reveals that soil inorganic carbon (SIC) is just as essential (Dina Ebouel et
al., 2024; Raza et al., 2024), but not always recognised, as an important part of how carbon
moves through the soil, especially in drylands. For example, numerous studies have highlighted
that SIC is typically the dominant carbon pool in arid and semi-arid regions, often exceeding
SOC content and playing a crucial role in the global carbon cycle (Diaz-Hernandez et al., 2003;
Raheb et al., 2016; Turgut et al., 2025). Moreover, arid, semi-arid and dry sub-humid areas,
collectively known as drylands, cover approximately 45% of the Earth's total land area
(Pravalie, 2016). Within these landscapes, the formation, accumulation, redistribution, and

stabilization of secondary (pedogenic) carbonates represent a major pathway for carbon storage
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(Naorem et al., 2022). These carbonates occur mainly in two categories (Ferdush and Paul,
2021): dissolved inorganic carbon (DIC), consisting of hydrated species of CO in solution,
such as dissolved CO2 (COz(aq)), carbonic acid (H2COs3), bicarbonate ion (HCO3) and
carbonate ion (CO37); and solid carbonates, which are crystalline minerals, mainly include
calcite (CaCO3), but also dolomite (CaMg(CO3)2) and siderite (FeCOs3). In contrast to organic
carbon, which is prone to microbial degradation, pedogenic carbonates develop highly stable
mineral phases that can persist over geological timescales (Monger, 2014). Their accumulation
therefore constitutes a substantial geochemical process for carbon sequestration.

Soil inorganic carbon occurs in two distinct forms: lithogenic carbonates, which are inherited
from geological processes, specifically the sedimentary accumulation of calcium carbonates
subsequently reworked into the soil; or pedogenic carbonates, which result from secondary
accumulation associated with soil-forming processes (Monger, 2014). In the latter case, the
weathering of lithogenic silicate or carbonate parent material leads to the release of calcium
ions (Ca?"), which then bind with bicarbonate ions (HCO3), facilitating the crystallisation or
recrystallisation of the pedogenic carbonates. Quantifying the contributions of pedogenic and
lithogenic carbonates to atmospheric CO» reduction is difficult, mostly due to the challenge of
differentiating them within the soils. In several arid environments such as fluvial systems,
colluvial pediments, and aeolian-affected landscapes sedimentary inputs may simultaneously
occur with pedogenic processes. Consequently, carbonate nodules, coatings, or accumulations
present in soils may not invariably indicate local soil development. However, it is necessary to
differentiate between these sources, as pedogenic carbonates facilitate active carbon
sequestration, while lithogenic carbonates do not. This divergence has significant
consequences for carbon accounting, climate change mitigation methods, and the

understanding of soil formation processes.
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The role of pedogenic carbonates in soil functioning, carbon sequestration, and
palaoenvironmental reconstruction in areas like Botswana and the wider southern African
drylands is inadequately researched. Here, carbonate accumulations either in the form of
calcretes or other features like diffuse powder, pseudomycelia (rhizoliths) and nodules are
widespread (Dina Ebouel et al., 2025a; Nash, 2022). In the Central District of Botswana,
numerous studies have highlighted the abundance of these accumulations in the soil (Dina
Ebouel et al., 2025b; Eze, 2022; Eze et al., 2025). However, none of these previous studies
examined in depth how landscapes containing these carbonate features have evolved over time
to arrive at their current configuration. These landscapes show complex geomorphic histories,
episodic sedimentation, and dynamic soil formation processes influenced by climate gradients.
The coexistence of pedogenic and sedimentary carbonates poses an analytical problem that
limits the precision of carbon budgets and the interpretation of palaeoclimatic signals.
Therefore, a comprehensive understanding of carbonate accumulation processes in this fluvial
system is essential for guiding sustainable land management, improving carbon sequestration
potential, and refining models of ecosystem responses to ongoing climate change. This study
seeks to advance our understanding of the evolution of a prominent fluvial landscape in
Serowe, Central Botswana and how this may have influenced the formation of carbonate
features in the pedosedimentary sections. Ultimately, this study fills gaps in dryland soil
research and emphasises the importance of inorganic carbon processes in global carbon
cycling, landscape evolution and palacoenvironmental reconstruction by understanding

pedogenic carbonate formation and accumulation mechanisms.

5.2. Environmental setting

The study site is in Serowe, which is situated in the Central District of Botswana, at
geographical coordinates of 22.34°-22.42° south latitude and 26.67°-26.76° east longitude

(Fig. 5.1). The geological substrate is mainly composed of formations from the Karoo
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Supergroup, dating from the Late Carboniferous to the Early Jurassic (Smith, 1984). Although
not extensive within the study area, unconsolidated aeolian deposits of the Kalahari Group,
whose accumulation began in the Cenozoic era and continues today (Haddon and McCarthy,
2005), overlie the Karoo Supergroup at certain locations. According to the lithostratigraphic
description of Franchi et al. (2021), the Lower Karoo Supergroup (comprising the Ecca and
Beaufort groups) is characterised by a basal sequence of conglomerates and breccias that fines
upward into coal-rich mudrocks with organic shales, followed by poorly lithified, grey-to-
purple claystones (Beaufort Group). The Upper Karoo Supergroup (Lebung Group), however,
begins with coarse-grained, cross-bedded sandstones often containing carbonate cements and
fossil fragments, which dominate the sequence. This part of the Basin is capped by basaltic
deposits (Stormberg Lava Group). Unconformably overlying this entire sequence are the
unconsolidated aeolian deposits of the Kalahari Group, consisting of fine- to medium-grained
sands with carbonates. The geomorphological unit of the area is the eastern Hardveld, which
expands from the south-eastern to east-central Botswana. It is characterised by gently sloping
plains that protect the Precambrian mountains and hills as well as lone ravines connected to
severe erosion (Atlhopheng et al., 2022).

According to the Koppen-Geiger climate classification, Central Botswana belongs to the BSh
type (hot, dry semi-arid climate), which is characterised by hot, dry conditions for most of the
year, with a rainy summer season occurring from November to March. The mean annual
precipitation ranges from a minimum of 222.9 mm to a maximum of 970.2 mm, with an overall
mean of 442.4 mm recorded over 22 days of rain per year (Batisani and Yarnal, 2010). This
region experiences a wide range of temperatures, with a minimum of 0°C (33°F) in June during
the winter and a maximum of 45°C (112°F) in October. The average temperature is 22°C
(72°F), reflecting the region's fluctuating thermal dynamics. Many studies have reported a

strong variability in climate over time, characterised by numerous drought episodes (e.g.,
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Akinyemi, 2021; Frank and Sarthi, 2025). Moreover, flooding is frequently observed, as in
various regions of Botswana (Moses et al., 2023; Motsholapheko et al., 2011). Surface waters
are mainly ephemeral and limited to the rainy season, as there are no permanent watercourses
(Setimela, 2009). These waters have low mineralisation and a chemical composition dominated
by Ca—HCO; to Ca—Mg-HCOs facies, characteristic of recent meteoric waters with limited
water—soil interaction (Stadler et al., 2010). Despite their ephemeral nature, surface waters
thus play an important hydrological role as an indirect source of recharge for aquifers in the
region (Setimela, 2009; Stadler et al., 2010).

The typical vegetation is a bush savannah (Ringrose et al., 2003), characterised by woody
species as Acacia erioloba, A. mellifera, A. hebeclada, A. fleckii, Terminalia sericea,
Lonchocarpus nelsii, Boscia albitruna, Grewia flava, G. retinervis, Dichrostachys cinerea,
Ziziphus mucronate and herbaceous species as Aristidia uniplumis, Eragrostis latimanniana,
Schmidtia bulbosa, Antephora pubescens, Aristida meridionalis (Ringrose et al., 1998). But
this natural land cover is deeply marked by agricultural activities and infrastructures
development (Atlhopheng et al., 2022). According to Eze (2022), the dominant soil groups are
Arenosols, Cambisols, Calcisols and Vertisols, while the main pedogenic processes include

salinisation, calcification and decalcification, illuviation, eluviation and erosion.

5.3. Material and methods

5.3.1. Field investigations and sampling

Following reconnaissance investigation of environmental conditions, including auger surveys
designed to assess the representativeness of carbonate accumulations in the soils on the fluvial
landscape, four pedosedimentary sections (SCO1, SC02, SC03 and SC04) along the banks of
an ephemeral river, named Metsimasweu were selected. These sections were chosen for their
overall representativeness and for the presence of carbonate features within one or more of

their horizons or layers (Fig. 5.2). The selected soil sections were described in the field in
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accordance with FAO soil guideline for soil profile description (FAO ood and Agriculture

Organization of the United Nations, 2006). Bulk soil samples were collected from each of the

pedogenetic horizons identified during the field sampling. The carbonate features were

carefully hand-picked and preserved for further laboratory analysis.
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5.3.2. Laboratory analysis

Air-dried samples were passed through a 2 mm sieve to remove coarse particles and root

fragments. The <2 mm fraction was subsequently subjected to routine physicochemical

analyses, including pH, electrical conductivity (EC), SOM content, calcium carbonate (CaCO3)
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content, and soil particle size analysis, to provide essential information complementing the
field descriptions.

In brief, the soil pH and EC were determined in a 1/2.5 soil:deionised water ratio
solution as recommended in FAO Guidelines for soil description (Food and Agriculture
Organization of the United Nations, 2006). The carbonate content (CaCO3) of the soil was
determined with an Eijkelkamp calcimeter using the Scheibler method, in accordance with
NEN-ISO 10693. In this method, the carbonates present in the sample react with hydrochloric
acid (4 M HCI), generating CO> gas. The volume of CO: produced is measured volumetrically
using a burette system and the carbonate content is expressed as calcium carbonate equivalent
(CaCO:s). Calibration was carried out using calcium carbonate standards (0.2 g and 0.4 g
CaCQ0:3), and blank determinations were carried out to ensure accuracy. Results were calculated
using the standard formula, incorporating corrections for blank values and moisture content
(ISO 11465). Results obtained in g kg™! were converted to weight percentages. The soil organic
matter (SOM) content was determined via wet oxidation (Walkley and Black, 1934). To
determine the soil texture, the sample underwent a two-step pretreatment process. This
involved treating the sample with a 30% hydrogen peroxide solution for 24 hours to remove
organic matter, followed by treatment with a 10% hydrochloric acid solution for 24 hours to
remove carbonates. The sample was then dispersed using sodium hexametaphosphate before
the Bouyoucos hydrometer method was applied to determine the particle size distribution.

From field description, conspicuous sandy layers exhibiting minimal pedogenesis were
identified across the four pedosedimentary sections. Given the minimal pedogenesis, they are
suitable for studying the depositional environment. A total of five sandy layers, one in SCO1
(C1), one in SC02 (C2), two in SC03 (C1 and C2) and one in SC04 (AC) were sampled. For
each of these sandy layers, a laser diffraction grain size analysis was performed using Malvern

Panalytical Mastersizer 3000 equipment, following the protocol described by Bittelli et al.
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(2022). These samples were also submitted to micromorphological observation in thin section
under a petrographic microscope (Stoops et al., 2018).

The major element composition analysis, including Si, Al, Fe, Mn, Mg, Ca, Na, K, Ti
and P (all reported as the mass percentage of oxides), was performed on fused beads using an
S4 Explorer (Bruker AXS) wavelength dispersive X-ray fluorescence spectroscope (WDX) at
the Geochemistry lab of Karlsruhe Institute of Technology, Germany. Prior to element
quantification, the loss on ignition (LOI) of the pulverised samples was determined by heating
them to 950 °C for 3 hours and recording the weight difference before and after heating. Fused
beads were prepared by mixing the ignited sample powder with a 66.5:33.5 ratio of Li-
tetraborate and Li-metaborate (Spectroflux 110, Alfa Aesar) before melting it at 1000—1100 °C
using a fusion instrument. An Rh X-ray tube (50 keV, 1 kW) was used as the radiation source.
Signals were detected using a proportional flow counter (Ar-CH4 gas) and a scintillation
counter. XS-55, LIF2000 and PET were used as analyser crystals. Four certified reference
materials, including AGV-1, GXR-2, GXR-5 and Soil 7, were used to verify the accuracy of

the produced data.

5.3.3. Data processing

Morphological and physicochemical properties were used to classify modern soils and buried
palaeosols according to the criteria of the international union of soil sciences working group
on the world reference base for soil resources (IUSS-WRB, 2022). These criteria were
augmented by soil taxonomy adapted to buried palaeosols (Nordt et al., 2025).

The results obtained with the Malvern Mastersizer suggest seven distinct particle size classes
based on the United States Department of Agriculture standard (Skaggs et al., 2001), including:
very coarse sand (1000-2000 pum), coarse sand (500-1000 pm), medium sand (250-500 pm),

fine sand (100-250 um), very fine sand (50-100 pm), silt (2-50 um) and clay (< 2 um). The
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different mass proportions of these grain size classes enabled the software integrated into the
analysis instrument to obtain the inclusive statistical parameters of Folk and Ward (1957).
Geochemical data were analysed using five geochemical indices including calcification index,
Mg/Ca ratio, Salinisation index, clayeyness index and the robust index of chemical weathering
(RW). The following four indices (calcification index, Mg/Ca ratio, salinisation index, clay
index) were calculated based on the molar ratio as recommended by Sheldon (2003), while RW
was estimated based on the mass percentage of the elements (Cho and Ohta, 2022).

The calcification index (Eq. 5.1) was used to measure the accumulation of carbonates across
the soil profiles. This index is based on the principle that the formation of pedogenic carbonates
increases the concentration of magnesium (Mg) and calcium (Ca) relative to aluminium (Al),

with the latter being characteristic of stable clay minerals (Eze et al., 2021; Retallack, 2001).

Ca+ Mg

Calcification index = o

Eq. 5.1

The Mg/Ca ratio was used to investigate the dominant mineralogical type of pedogenic
carbonate accumulation. Since carbonates that accumulate in semi-arid environments are
primarily either calcite (CaCO3) or dolomite (CaMg(COs)2) (Diaz-Hernandez et al., 2018), the
dominance of one mineralogical form over the other significantly affects the elemental ratio
and provides crucial information about the nature of the accumulation (Achyuthan et al., 2012;
Pinheiro Junior et al., 2021).

The salinisation index (Eq. 5.2) is based on the fact that the molar ratio between K and Na
relative to Al is a function of the salinisation of soils and palaeosols (Eze et al., 2021; Sheldon,

2006).
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Na+K
Al

Salinisation index = Eq.5.2

The clayeyness index, which is based on the Al/Si ratio, is a recognised geochemical proxy in
soil science and palaeoclimatology (Sheldon and Tabor, 2009). Clay accumulation leads to an
increase in aluminium (Al) concentration relative to silicon (Si).

As the accumulation of pedogenic carbonates in semi-arid environments can compromise
standard indices, a robust measure was needed to accurately assess the intensity of chemical
weathering. For this reason, the robust chemical weathering index (Eq. 5.3) developed by Cho
and Ohta (2022) was selected for investigating the intensity of chemical weathering along the
studied sections, since it is specifically designed to remain unaffected by these secondary

accumulations.

RW = 0.152 In(TiO,) + 0.198 In(Al,05) + 0.148 In(Fe,05) — 0152 In(Mg0) —

0.503 In(Na,0) + 0.156 In(K,0) — 0.506 Eq.5.3
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(SCO1); B. Section 02 (SC02); C. Section 03 (SC03); and D. Section 04 (SC04).
5.4. Results

5.4.1. Morphological characterisation and physicochemical properties
The four pedosedimentary sections occur along the slope of an ephemeral river, from upstream

(SCO01) to downstream (SC04), as shown in Fig. 5.1. Layering and horizonation of the
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respective sections are presented in Fig. 5.2. The detailed morphological characteristics and
physicochemical properties of SC01, SC02, SC03, and SC04 are presented in Tables 5.1, 5.2,
5.3, and 5.4, respectively. The description of each section is as follows. SCO1 presents 14 soil
horizons (Fig. 5.2A). The boundaries between horizons are mostly gradual and wavy. However,
the boundaries between the horizons C1 and AB1b, CB3b and AB2b, CB4b and AB3b are
abrupt, while the boundary between AB1b and Bkkb is clear and smooth. SOM is typically
low, ranging from 0.19 to 0.41 wt.%. The maximum is observed in the topsoil (A1). The texture
is mostly sandy loam or loamy sandy. The sand is the dominant fraction generally above 60
wt.% with a maximum observed in layer C1 (84 wt.%) (Fig. 5.3). The clay fraction, on the
other hand, is generally very low, below 10 wt.%, except for the top two layers, which are
around 19 wt.%. The pH of the soil ranges from 6.8 (near neutral soil pH) to 8.3 (moderately
alkaline soil pH) (Table 5.1). The maximum pH was observed in layer C1, while the minimum
was found in the topsoil (A1). The EC is mostly low, ranging from 0.21 to 1.67 dS.m™! (Table
1). The maximum EC value is observed in the bottom layer AB3b. There is a strong variation
in CaCOs content, ranging from 0.07 wt.% in topsoil (A1) to 24.61 wt.% in Bkkb. Many of the
horizons showed the presence of carbonate features that accumulated mainly as soft nodules
(Fig. 5.4.A) or diffuse powder. Nevertheless, the two basal layers (CB4b and AB3b) exhibited
more accumulations in the form of pseudomycelia, i.e. carbonate infilling in pores, resembling
mycelia (Fig. 5.4.B). Some layers, including BC1 and C1 in the upper part of the section and
all layers below CBI1b, contain some gravel. These are mainly fragments of basaltic and

sandstone rocks of the Karoo Supergroup (Fig. 5.4.C).
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Table 5.1. Morphological characteristics and physicochemical properties of section SCO1

Horizon Depth Munsell 10% HCL Visible Other pH EC SOM CaCOs
colour reaction carbonate secondary (H0)
/Layer cm (moist) features features 2 dsS.m™ wt.% wt.%
A1 0-30 10YR2/2Very o) No No 6.8 0.21 0.41 0.07
dark brown
10YR3/2 Very
AB 30-90 dark grayish SL No No 7.6 0.22 0.31 0.10
brown
10YR3/2 Very )
Bk1 90-120 dark grayish ST Softconeretions, 7.8 0.56 0.34 2.62
nodule 2-10 mm
brown
10YRa/4 Dark Soft concretions
Bk2 120-180 yellowish ST ’ No 8.0 0.56 0.24 6.35
nodule 2-10 mm
brown
10YRS/4 Few gravel (2-
BC1 180-220 Yellowish ST Disperse powder 10 cri) 8.1 0.40 0.28 3.56
brown
rare soft
10YR5/4 concretions Few gravel (2-
Cc1 220-240 Yellowish ST (nodule 2-10 mm) g 8.3 0.28 0.21 1.62
X 10 cm)
brown + Disperse
powder
Abundant soft
AB1b  240.300  |OvR4/2Dark oy concretions No 7.9 1.44 024  9.39
grayish brown (nodule 2-5cm) +
Disperse powder
Abundant soft
Bkkb 300-420  |OYRG2Light coneretions No 8.1 0.94 0.21 24.61
brownish gray (nodule 2-5cm) +
Disperse powder
10YR4/6 Dark ;?)r:csrggons Few gravel (2-
CB1b 420-480 yellowish ST g 8.0 0.87 0.28 0.92
(nodule 2-5cm) + 10cm)
brown R
Disperse powder
rare soft
CB2b 480570  ->YRe/ADark o yq concretions 2-5  owgravel(2- 5 117 025 098
brown 10 cm)
cm
7.5YR4/3 rare soft Few gravel (2-
CB3b 570-630 ’ MO concretions 2-5 g 7.8 0.81 0.24 0.57
Brown 10cm)
cm
rare soft
AB2b 630-600  /-ovRa/3Dark concretions 2-5 Fewgravel (- 5 1.41 0.19 0.73
brown 10 cm)
cm
CBab 690740  oYRs/4Dark op Pseudomycelia Fewgravel (2= 5 1.00 019  1.05
brown 10 cm)
AB3b  740-840+ [ OYR/ADark o Pseudomycelia Fewgravel (2- 167 024 218

brown

10 cm)

*SL = 0-2% Slightly calcareous; MO = 2-10% Moderately calcareous; ST = 10-25% Strongly calcareous; EX = 25% Extremely calcareous
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Fig. 5.3. Particle size distribution with depth in the four sections.

The section SC02 presented eight different horizons (Fig. 5.2B). Boundaries between horizons
are mostly gradual and wavy. Nevertheless, the boundary between the layer C1 and ABb is
sharp and smooth, while the one between BC1b and BCkkb is clear and smooth. SOM is
typically low, ranging from 0.19 to 0.52 wt.%, with the maximum observed in the topsoil (A1).
The horizon, ABb, also show a relatively high value as compared to the C1 above and BC1b
immediately below. The texture along the section is mainly variating between loamy sand and
sand loamy texture. Sand fraction is dominant across the section, ranging from 66 to 81wt.%,
with the maximum observed in the bottom part of the section (BC1b to BCkb), except for layer
BC3b, where the sand fraction is the lowest observed in the whole section. The clay fraction is
mostly below 10 wt.%, except for the topsoil (A1), where the proportion of is around 12%, and
the bottom layer BC3b, with a 14 wt.% of clay (Fig. 5.3). The soil pH ranges from a 6.9 (near
neutral) in the topsoil A1 to 8.4 (moderately alkaline) in the layer BC3b. The EC on the other

hand, ranges from 0.21 to 2.81 dS.m™!, with the maximum value observed in the layer BCkkb.
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Horizons below C1, show relatively high values of EC as compared to the upper part of the
section (A1 and C1) (Table 2). The CaCOs content varies from a minimum of 0.22 wt.% in the
topsoil to a maximum of 14.24 wt.% in the layer BCkkb. The layer BCkb is also characterised
by a relatively high CaCO3 content (5.94 wt.%) as compared to the other layers within the
section. Carbonates feature along the section mostly accumulate in form of diffuse powder in
all the layers except for A1 and BC3b. Nevertheless, some pseudomycelia carbonate are also
observed in the layer BC2b. Gravel fragments are rare to common in certain layers, particularly
C1, BCkkb, BC2b, and BCkb. These gravels consist mainly of basalt and sandstone fragments

of the Kalahari Supergroup undergoing weathering (Fig. 5.4.D).
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Table 5.2. Morphological characteristics and physicochemical properties of section SC02

Horizon Depth Munsell Visible Other EC SOM CaCO3
10% HCI
colour reaction carbonate secondary pH (H20)
[Layer cm (moist) features features dS.m™ wt.% wt.%
10YR3/2
Very
A1 0-20 dark SL No No 6.9 0.35 0.52 0.22
grayish
brown
Black
gravels
Hard
. (10YR3/1
c1 20110  OR/2 o CONCTEVOns  Verydark 7.4 0.21 0.27 152
Brown (10YR8/1 ray); Light
White) grayy; -g
gray gravels
(10YR7/2)
Soft
concretions
ABb 110-185 ;(I)aYcFIiZ/l ST (10YR7/1 Light _ 7.6 1.55 0.38 1.18
gray), filling
the porosity
BC1b 185240 OYRY4 o1 Disperse _ 7.6 1.95 0.21 156
Brown powder
Coating gravel .
. light gray
BCkkb 240-360 >R/ gy + disperse gravel 7.8 2.81 0.26 14.24
Brown powder + soft
) (10YR7/1)
concretions
7.5YR5/6 rare soft Rf;\fell)slad(
BC2b 360500 Strong ST concretions + 237 vrosn 19 2.50 0.19 1.96
brown pseudomycelia Black)
Common
7.5YR5/6 Common soft black
BCkb 500-580 Strong EX concretions gravels 8.0 2.40 0.21 5.94
brown (7.5YR2.5/1
Black)
BC3b 580-600+ 7.5YR5/4 SL _ _ 8.4 0.34 0.28 0.29
Brown

*SL = 0-2% Slightly calcareous; MO = 2-10% Moderately calcareous; ST = 10-25% Strongly calcareous; EX > 25% Extremely

calcareous

The section, SC03, is characterised by eight horizons as shown in Fig. 5.2C. The boundaries

between horizons are generally gradual and wavy, except for the boundary between C1 and

C2, and that between C2 and ABb, which are sharp and smooth. SOM is generally low, ranging

from 0.21 to 0.43 wt.% (Table 5.3). Unlike SCO1 and SCO02, the maximum content is not
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observed in the topsoil, but in layer ABb, while SOM content in Al is 0.41 wt.%. The soil
texture differs considerably from one layer to another. The clay fraction is dominant with 50%
in the ABD layer, which has a clayey texture. In the other layers of the section, the sandy
fraction is dominant. However, layers such as Btb, C2, Al and AC are characterised by a
relatively high proportion of clay, ranging from 21 to 31 wt.% (Fig. 5.3). The textures are sandy
clay loam, clay loam, sandy clay loam and loam for Btb, C2, A1 and AC respectively. It is
essential to note the organisation of layer C2, which is characterised by alternating sub-layers
of varying thickness, ranging from 5 to 10 cm. Dark loamy (10YR3/4) sub-layers alternate with
yellowish brown sandy (10YRS5/4) sub-layers. Furthermore, this arrangement closely looks like
the deposits currently observed in the riverbed. Layer C1 and the two layers at the bottom of
the section (BCkkb and BCkb) are characterised by a predominance of sandy fraction, ranging
from 71 to 81 wt.%, with a maximum observed in layer C1, and a low clay fraction, generally
below 10 wt.%. The textures are sandy loam to loamy sand. The pH values along the section
vary between 7.3 and 7.8. The lowest value is observed in the topsoil (A1), corresponding to a
slightly alkaline pH. In fact, the pH is slightly alkaline within the section. The EC is typically
low, ranging from 0.22 to 0.38 dS.m™!. The maximum is observed in the layer C2, while the
minimum is observed in the layer BCkb at the bottom of the section. The CaCOs3 content is
characterised by a huge variation along the section ranging from 0.28 in the layer Btb to 16.25
wt.% in the layer BCkkb. Carbonate features are mostly in the form of disperse powder, while
hard concretions are observed in the two bottom layers BCkkb and BCkb (Fig. 5.4.E). As in
the case of the sections described above (SCO1 and SC02), fragments of basaltic and sandstone
rocks of the Kalahari Supergroup are very common in certain layers, particularly C1, BCkkb

and BCkb.
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Fig. 5.4. A. Soft carbonate concretions isolated from the layer Bkkb of SCO1; B. Pseudomycelia
observed in layers CB4b of SCO1; C. Gravels isolated from the layer C1 of SCO1; D. Gravels
isolated from SC02; E. Hard carbonate concretions isolated from the layer BCkkb of SC03; F.

Hard carbonate concretions isolated from the layer BCkkb of SC04.
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Table 5.3. Morphological characteristics and physicochemical properties of section SC03

Horizon Depth Munsell Visible Other EC SOM CaCoOs
10% HCl
colour reaction carbonate secondary pH (H20)
/Layer cm (moist) features features dsS.m™’ wt.% wt.%
10YR3/2
A1 0-15 verydark g No No 7.3 0.31 0.41 058
grayish
brown
7.5YR3/3 Disperse
AC 15-42 Dark ST : No 7.6 0.26 034  2.44
powder
brown
7.5YR4/2 Disperse Black gravel
c1 42-70 Brown ST oowder (7.5YR2.5/1) 7.6 0.24 0.25 1.11
2 70-120  1OYRAN ST Disperse No 7.8 038 0.34 1.70
Dark gray powder
1D(::I|33/4 Disperse Light red
ABb 140-205 cllowish EX OVSder marks cavity 7.8 0.35 0.43 2.9
y P (2.5YR6/6)
brown
7.5YR5/6
Btb 205-245 Strong SL No No 7.7 0.28 0.33 0.28
brown
Hard
7.5YR5/4 concretions Black gravel
BCkkb 245-375 Brown EX (10YR8/1 (7.5YR2.5/1) 7.8 0.25 0.24 16.25
White)
7.5YR6/6 I(jc?r:(c:iretions Black gravel
BCkb 375-430+ R:l([j:\::h EX (10YR8/1 (7.5YR2.5/1) 7.8 0.22 0.21 4.00
Y White)

*SL = 0-2% Slightly calcareous; MO = 2-10% Moderately calcareous; ST = 10-25% Strongly calcareous; EX = 25% Extremely

calcareous

The section SC04 is characterised by seven horizons (Fig. 5.2D). The boundaries between

horizons are generally gradual and smooth, except for the boundary between AC and ABb, and

that between Bt1b and BCkkb, which are sharp and smooth. The SOM content varies between

0.23 and 0.62 wt.% with a maximum value observed in A1. ABb and Btb are characterised by

relatively high SOM content, 0.43 and 0.48 wt.% respectively. As in SC03, soil texture varies

considerably from one horizon to another. The sandy fraction remains dominant in all layers,

varying from 43 to 82 wt.% (Fig. 5.3). The highest values are observed in the basal layers, Bt2,

Ckkb and Ckb, which have loamy sand textures. Al and AC are characterised by sandy loam

textures, while ABb and Btlb have a relatively high clay content, 39 and 33 wt.% respectively.
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The texture of these two layers is clay loam. The pH ranges from 6.4 (slightly acidic) in the
layer A1 to 7.7 (slightly alkaline) in the layer BCkb. The EC is mostly low all along the section,
ranging from 0.14 to 0.78 dS.m™'. The CaCOs content varies from 0.02 wt.% in the layer A1 to
21.09 wt.% in the layer BCkkb. Carbonate features are observed in the BCkkb and BCkb layers,
mainly in the form of diffuse powder, sometimes coating gravel, or in the form of soft
concretions (Fig. 5.4F). Gravel-sized rock fragments of the Kalahari Supergroup are also

abundant within these horizons.

Table 5.4. Morphological characteristics and physicochemical properties of section 04

Horizon  Depth Munsell o Visible Other EC SOM  CaCOs
10% HCI
colour reaction carbonate secondary pH (H20)
/Layer cm (moist) features features dsS.m"’ wt.% wt.%
Al 0-15 LOYR3/1Very o No No 6.4 0.14 062  0.02
dark brown
10YR3/2Very
AC 15-50 dark grayish SL No No 6.8 0.25 0.34 0.07
brown
ABb 50-70 LOYR3/1Very o No No 7.4 0.37 043 173
dark brown
10YR2/1
Btlb 70-90 OYR2/ SL No No 7.3 0.78 0.48 0.50
Black
5YR3/3 Dark
Bt2b 90-160 reddish SL No No 7.4 0.41 0.36 0.29
brown
Coating
SYR5/3 Elirjv::s:e Black gravel
BCkkb 160-260 Reddish EX P & 7.5 0.42 0.24 21.09
powder + (7.5YR2.5/1)
brown
soft
concretions
Coating
gravel +
5YR5/6 disperse Black gravel
BCkb 260-400+ Yellowish red EX powder + (7.5YR2.5/1) 7.7 0.34 0.23 6.19
soft

concretions

*SL = 0-2% Slightly calcareous; MO = 2-10% Moderately calcareous; ST = 10-25% Strongly calcareous; EX = 25% Extremely
calcareous
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5.4.2. Particle size analysis and micromorphology of the selected sandy layers

The inclusive statistical parameters obtained from the particle size analysis of sandy layers C1,
sections SCO1, SC02 and SCO03, as well as layer C2 of SC03 and layer AC of SC04, are
presented in Table 5.5. In general, the sandy layers in SC01, SC02 and SCO03 (layer C1) all
have an average fine sand size (Mz between 2.30 @ and 2.68 ®), are poorly sorted (cl: 1.66 to
1.99), have positive or slightly positive skewness (SkI: 0.15 to 0.25) and are classified as highly
leptokurtic (KG: 2.11 to 2.40). In contrast, layers C2 in section SC03 and AC in section SC04
show a spike towards a coarse silt average size (Mz is 4.61 @ and 4.78 @ for C2 and AC,
respectively), are extremely poorly sorted (cl: 3.03 and 3.28), show very positive skewness
(SkI: 0.45 and 0.58) and are classified as leptokurtic to very leptokurtic (KG: 1.27 and 1.57 for

C2 and AC, respectively).

Table 5.5. Statistical grain size parameters (Mz: mean size; ol: inclusive standard
deviation/sorting; SkI: inclusive skewness; KG: graphic kurtosis) for the selected sandy layers

(C1, C2, and AC) across the studied sections (SC01-SC04).

Sample Mz (Mean Size) ol (Sorting) Ski (Skewness) KG (Kurtosis)

SCo01C1 2.680 Fine Sand | 1.82 Poorly Sorted 0.22 Positive 2.4 Very Leptokurtic

SC02C1 2570 Fine Sand | 1.66 Poorly Sorted 0.15 Slightly Positive 2.12  Very Leptokurtic

SC03C1 230 Fine Sand | 1.99 Poorly Sorted 0.25 Positive 2.11 Very Leptokurtic

Extremely Very Positively

4.61 i . . . i
SC03C2 61® CoarseSilt | 3.28 Poorly Sorted 0.45 Skewed 1.27 Leptokurtic
SCO4AC | 4.78d  CoarsesSilt | 3.03 Extremely 0.5 VeryPositively oo yer Leptokurtic
Poorly Sorted Skewed

Micromorphology of the sandy layers (C1 in SC01, SC02, SC03, C2 in section SC03 and AC
in section SC04) are presented in Fig. 5.5. A to E. Observations across all five images (A-E)
reveal that the sand fraction is predominantly composed of transparent, colourless quartz

grains. Accessory dark, opaque minerals and coloured minerals (appearing brown or reddish)
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are present in all views. Clear quartz grains represent the dominant population in the C1 layers
of the three upstream sections (Fig. 5.5. A, B and C), characterised by a shape that is
predominantly angular to sub-angular. Their edges are typically sharp and show little wear, and
their outlines are irregular, indicative of limited mechanical abrasion. The minor part, which is
dark (ranging from opaque to brownish red), exhibits a wide heterogeneity of shapes. These
dark minerals parts include both highly angular and irregular fragments, typical of very fine
splinters or small residual particles, as well as elongated, ovoid, or sub-rounded grains whose
angularity is visibly less pronounced than that of the main quartz fraction. This latter, smoother
morphology is particularly noticeable on the larger dark fragments. This dark material also
incorporates very fine, diffuse particles which appear as a patina or coating associated with the
quartz grains. Image B (SC02, C1) appears to contain some of the largest individual quartz
grains among the C1 samples, while the grains in image C (SC03, C1) display a particularly
high degree of angularity.

In contrast, the two downstream layers, C2 of SC03 (panel D) and AC of SC04 (panel E), show
a significantly lower concentration of grains per unit area and a reduced mean grain size
compared to the C1 layers, confirming an overall shift to the silt-dominated matrix indicated
by the mean particle size. In panel D, the grains appear more dispersed within the matrix,
although the primary quartz grains remain angular. Similarly, panel E (SC04AC) presents a
dispersed population of mostly sub-angular quartz, with the overall view reflecting a much

finer-grained environment than seen in the C1 layers.
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Fig. 5.5. (A—E). Images of the sand fraction, observed under a petrographic microscope using
Plane Polarised Light (PPL), detailing the morphological characteristics of the grains. Images
B, C, and D show the sand fraction from Layer C1 across Sections SC01, SC02, and SCO03,
respectively. Image E illustrates the sand fraction from Layer C2 within the same section SC03.

Image F provides the observation for the Layer AC in section SC04.
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5.4.3. Geochemistry

As presented in Table 5.6, silicon is the dominant element along within the studied sections
with concentrations ranging from 61 and 88 wt.%. Aluminium and Fe also showed relatively
high concentrations ranging from 4.7 and 14.0 wt.%, and from 3.6 to 10.0 wt.%, respectively.
The concentration of Ca, on the other hand, shows a very contrasting pattern, with relatively
high concentrations (5.2 to 17.3 wt.%) observed in horizons with a high CaCO3 content, while
the other horizons generally have concentrations below 5 wt.%. Magnesium also shows a
contrasting pattern, with concentrations ranging from 0.5 to 3.6 wt.%. Sodium, K and Ti are
generally present in minor proportions, while Mn and P are generally found in trace
concentrations.

The overall trends observed for the five geochemical indices applied in this study are presented
in Fig. 5.6.

In SCO1, the calcification index varies from 0.38 to 2.32, with a peak in the Bkkb horizon and
a minimum in the A1 topsoil layer. The AB1b (1.07-1.17) and Bk2 (0.89-0.91) horizons also
have relatively high values. The Mg/Ca ratio, which varies between 0.22 and 1.23, shows a
general decrease in the carbonate-rich horizons (Bk2, AB1b, Bkkb and AB3b) and reaches its
minimum in Bkkb, where the highest calcification index and CaCOs3 content are observed. In
SCO02, the calcification index varies between 0.39 and 1.21, with maximum values in BCkkb
and relatively high indices in BCkb. The Mg/Ca ratio varies between 0.50 and 2.81. As in
SCO01, horizons with a high calcification index and high CaCOs3 content are characterised by a
low Mg/Ca ratio. SCO03 is characterised by a calcification index between 0.2 and 1.97, with a
peak in BCkkb parallel to the lowest Mg/Ca ratio in the section. However, unlike SCO1 and
SCO02, an increase in CaCO3 does not systematically correspond to a higher calcification index
or a lower Mg/Ca ratio, as seen in BCkb, which maintains a high CaCO; but a low calcification

index and the second highest Mg/Ca ratio (1.22). Finally, SC04 has a calcification index
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ranging from 0.17 to 2.64, where the maximum in BCkkb and the high values in BCkb (0.55-
0.73) follow the upstream pattern (SCO1 and SC02) of high calcification indices contrasting
with low Mg/Ca ratios in carbonate-rich layers.

The salinisation index remains low overall in all sections, generally below 0.30. It fluctuates
between 0.19 and 0.30 in section SCO1, while stabilising in similar ranges for SC02 (0.12 to
0.32) and SCO03 (0.12 to 0.30). Finally, section SC04 stands out with the lowest values, ranging
from 0.08 to 0.20.

The clayeyness index is generally low across all study sections. In SCO1 and SC02, values
range from 0.03 to 0.24 and 0.07 to 0.13, respectively, while SC04 exhibits a similarly
restricted range of 0.06 to 0.18. By contrast, SC03 shows more pronounced fluctuations, with
indices spanning from 0.06 to 0.28. Notably, horizons identified via grain-size analysis as
having high clay content such as C2, ABb, and A, consistently align with the highest clayeyness
indices recorded.

The RW index shows contrasting trends depending on the sections studied. In section SCO1, it
varies between 25 and 48%, with higher values in the upper horizons (A1 and AB) and localised
peaks in C1, CB4b and AB3b. For SC02, the indices range from 29 to 60%, with the highest
values in the ABb and BC1b horizons. Section SC03 shows higher values than the previous
two, ranging from 32 to 82%; the maximum is observed in Btb, while the lowest indices are
found in the upper part (A1 to C2). Finally, SC04 has the highest values in the transect, ranging
from 36 to 83%, with a maximum identified in Bt2b and minimum values recorded between

horizons A1 and Btlb.
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Table 5.6. Elements concentration of the four sections

Horizon Si Al Fe Mn Mg Ca Na K Ti P Total
Section /Layer Depth (cm) wt. %
Al 0-30 86 6.0 4.2 0.073 0.8 1.0 0.41 0.83 0.55 0.038 100
AB 30-90 86 6.1 4.2 0.079 1.0 1.2 0.44 0.76 0.54 0.030 100
Bkl 90-120 79 8.1 5.5 0.128 1.8 3.4 0.62 0.77 0.62 0.036 100
Bk2 120-180 75 8.7 5.8 0.127 2.2 5.6 0.76 0.80 0.63 0.038 100
BC 180-220 79 7.8 5.1 0.096 2.0 3.9 0.80 0.79 0.61 0.032 100
c1 220-240 86 5.0 3.7 0.069 15 2.4 0.46 0.63 0.55 0.026 100
AB1b 240-300 72 9.0 6.3 0.110 3.1 6.8 0.75 0.73 0.65 0.022 100
Bkkb 300-420 61 9.0 6.8 0.119 3.5 173 0.82 0.53 0.66 0.030 100
CB1b 420-480 66 129 10.2 0.075 3.4 4.1 1.60 0.75 1.02 0.054 100
CB2b 480-570 66 13.0 10.1 0.068 3.1 4.1 1.50 0.77 0.98 0.057 100
CB3b 570-630 66 11.9 10.2 0.086 3.6 5.1 1.58 0.74 1.06 0.073 100
AB2b 630-690 68 12.9 10.0 0.070 2.8 3.6 1.30 0.76 0.97 0.055 100
CB4b 690-740 76 9.0 7.9 0.059 1.6 2.7 0.79 0.76 0.97 0.033 100
sco1 AB3b 740-840+ 72 103 8.4 0.064 2.0 4.2 0.98 0.77 0.92 0.039 100
Al 0-20 85 5.8 4.4 0.065 13 1.8 0.46 0.86 0.58 0.051 100
c1 20-110 84 5.2 4.3 0.069 1.6 2.9 0.54 0.72 0.61 0.041 100
ABb 110-185 83 7.4 5.0 0.075 13 1.8 0.27 0.59 0.55 0.027 100
BC1b 185-240 86 6.4 4.2 0.047 11 1.5 0.16 0.49 0.47 0.018 100
BCkkb 240-360 79 7.4 4.8 0.047 21 5.2 0.36 0.51 0.54 0.018 100
BC2b 360-500 81 7.8 5.3 0.059 21 1.8 0.55 0.55 0.60 0.019 100
BCkb 500-580 74 8.6 6.4 0.120 2.4 6.2 0.88 0.58 0.69 0.041 100
$C02 BC3b 580-600+ 86 6.3 4.0 0.050 15 0.7 0.40 0.65 0.54 0.015 100
Al 0-15 79 8.5 5.4 0.080 1.7 2.5 0.85 0.99 0.62 0.051 100
AC 15-42 71 11.6 7.2 0.107 2.4 4.4 1.25 1.09 0.73 0.061 100
c1 42-70 86 4.7 3.6 0.055 1.4 2.4 0.46 0.60 0.48 0.037 100
c2 70-140 72 12.0 7.4 0.111 2.3 3.6 1.04 1.06 0.73 0.055 100
ABb 140-205 67 14.4 9.1 0.127 2.6 4.1 0.82 1.07 0.82 0.062 100
Btb 205-245 85 7.5 4.5 0.062 0.8 0.6 0.05 0.77 0.53 0.018 100
BCkkb 245-375 75 8.4 5.9 0.078 1.8 7.4 0.26 0.68 0.61 0.022 100
sco3 BCkb 375-430+ 81 8.0 4.9 0.076 1.6 2.7 0.15 0.76 0.56 0.017 100
Al 0-15 83 7.0 4.7 0.054 1.4 1.9 0.66 0.93 0.57 0.045 100
AC 15-50 80 7.9 5.4 0.076 1.7 2.2 0.80 0.97 0.60 0.044 100
ABb 50-70 71 123 8.0 0.112 2.3 3.6 0.96 1.06 0.79 0.056 100
Btlb 70-90 75 10.7 7.1 0.114 1.7 25 0.84 111 0.75 0.040 100
Bt2b 90-160 88 5.4 4.3 0.052 0.6 0.6 0.04 0.57 0.48 0.023 100
BCkkb 160-260 70 6.3 5.1 0.058 1.6 15.5 0.18 0.50 0.53 0.027 100
sCoa BCkb 260-400+ 75 9.1 6.5 0.069 2.2 5.4 0.46 0.62 0.68 0.023 100
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Fig. 5.6. Vertical distribution profiles of five geochemical indices: calcification index, Mg/Ca
ratio, salinisation, clayeyness index, and robust index of chemical weathering (RW), across the

depth of the respective studied sections.
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5.5. Discussion

5.5.1. Sedimentary controls and depositional environments

The general pattern of the results, derived from morphological characteristics, sand grain
micromorphology and geochemistry, consistently highlights that the current landscape is the
product of combined pedogenic and depositional phases. The most significant evidence for this
comes from section SCO1, which is over 8 metres thick and demonstrates an alternation between
multiple cycles of stability and deposition. This is evident in the form of sharp boundaries that
signify the periodic interruption of pedogenesis and the subsequent burial of existing soil by newly
arrived sediments (Nordt et al., 2025). Three distinct buried soil profiles are identified within this
section, with the upper boundaries characterised by horizons AB1b, AB2b and AB3b. In contrast,
the other downstream sections (SC02, SC03 and SC04), which are less thicker (6 m, 4.3 m and 4
m respectively), primarily highlight the most recent cycle. This cycle is characterised by the arrival
of sediment layers C1 in sections SCO1 and SC02, C1 and C2 in section SC03, and AC in section
SC04.

The morphological characteristics observed in the buried soil (spanning from the AB1b to CB3b
horizons) beneath the C1 layer in section SCO1 (Fig. 5.2A) reflect the description by Franchi et al.
(2021) of a well-developed calcic palaeosol, rich in carbonate nodules, and buried under 10 metres
of Kalahari sand sediment. In fact, the study area, located at the transition between the Eastern
Hardveld and the Sandveld, is characterised by a balance between erosion and deposition within a
context of geodynamic stability, spanning the Palacogene and continuing into the Quaternary,
which has resulted in the prominence of relict hill masses (Eze, 2022). Moreover, this is consistent

with the 3D topographic model (Fig. 5.1.C), which depicts these relict hill masses rising from
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relatively flat terrain. Consequently, the buried palaeco-landscapes beneath the Kalahari sand
deposits are exposed there.

Sand grain micromorphology and the inclusive statistical parameters of the particle size analysis
for the layers constituting the final depositional phase (i.e., layer C1 in sections SCO1 and SC02,
layers C1 and C2 in section SC03, and layer AC in section SC04) are characterised by a variation
in the depositional regime from upstream to downstream. The C1 layers consist of fine sand (Mz:
2.30-2.68 @), poorly sorted and composed mainly of angular to subangular quartz grains (Fig.
5.5.C-E). In contrast, the C2 layers beneath C1 in SC03 and AC in SC04 are characterised by
coarse silt (Mz: 4.61-4.78 @), extremely poorly sorted, but also composed mainly of angular to
subangular quartz grains (Fig. 5.4.E-F). The shape of the grains indicates transport over a short
distance in a high-energy fluvial environment (Baek and Jo, 2025; Madhavaraju et al., 2021).
These are also consistent by the presence of fragments of neighbouring parent material (basalt and
sandstone fragments) in these layers. Furthermore, the fact that layer C2, covered by C1 in section
SCO03, is morphologically similar to the current riverbed deposits indicates similar deposition
conditions. In other words, the deposits were formed under intermittent river flow, reflecting the
current semi-arid climate. The clear sandy beds indicate times of strong current and high dynamics,
which were able to move fine particles and leave behind coarser sand. In contrast, the dark loamy
beds formed during the dry periods when the flow slowed or stopped, allowing finer particles and
organic matter to settle and accumulate, resulting in an increase in SOM compared to C1. This is
also evidenced by the very poor sorting observed in the layer, which results from this association
between fine and coarse particles (Sumner et al., 2008). Thus, this layer would have been part of
the riverbed for an extended period, given its thickness (layer C2). However, layers C1 are typical

of high-energy deposition, probably linked to massive colluvial inputs given the high degree of
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heterogeneity, reflected not only in the presence of debris from parent material, but also in the poor
sorting observed (Miicher et al., 2018). Furthermore, while the thickness of the deposits is
considerable in SCO1, it gradually decreases downstream. The characteristics of the AC layer
deposits (SC04) support a rapid decrease in energy. However, it is important to treat the particle
size characteristics of AC with caution. This horizon is marked by a low degree of pedoturbation,
evidenced by considerable root activity and a very dark greyish brown colour (10YR3/2),
consistent with a gradual accumulation of SOM. On the other hand, the C1 deposits are probably
linked to floods, given the stable geodynamic context and the fact that flood events have often

been recorded in the area (Moses et al., 2023; Motsholapheko et al., 2011).

5.5.2. Pedogenic controls and processes

5.5.2.1. Modern soils

The modern soil varies in thickness from upstream to downstream. The modern soil profile in
SCO1 is as follows: A1-AB-Bk1-Bk2-BC—-C1 (Fig. 5.2A). Based on IUSS Working Group WRB
(2022) , this reflects a Calcaric Cambisol. Although the sand fraction is significant, the upper
horizons have a clay content of more than 15%, which does not qualify as Arenosols. Similarly, it
is excluded from the Calcisols reference group (soils with significant carbonate accumulation)
because its B horizon, which although contains nodules, has a CaCOs3 content of only 6%, which
is well below the 15% threshold required for the formation of a diagnostic calcic horizon.
Consequently, the soil is classified as Cambisols, representing a moderately developed soil that
shows minimal alteration (B horizon) but does not meet the diagnostic criteria of the other
reference groups. The presence of a secondary accumulation of carbonates, although below the
diagnostic threshold of 15%, justifies the application of the primary qualifier, resulting in its

classification as Calcaric Cambisols. This is also supported by a RW ranging from 38 to 48%
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characteristic of the low degree of chemical weathering observed (Cho and Ohta, 2022). Moreover,
the low observed clayeyness index also highlights the poor degree of chemical weathering.
Nevertheless, as mentioned above, the clay content is not negligible in the two upper horizons. In
addition, the RW index also increases significantly upwards. This shows that although the degree
of chemical weathering, and in particular hydrolysis, is low, it makes a considerable contribution
to the ongoing soil formation process. The climatic conditions of arid and semi-arid environments
are generally conducive for the accumulation of soluble salts within the soil in the form of
secondary gypsum or carbonates (FAO, 2006). In the present case, the low salinisation index,
combined with low EC values, indicates a very low degree of salinisation. However, the
calcification index shows a significant increase in layers Bkl and Bk2 (Fig. 5.6. SC01), also
supported by the presence of diffuse powder and nodules (Table 5.1). Furthermore, the increase in
the calcification index is coupled with a decrease in the Mg/Ca ratio, which would suggest an
accumulation of carbonates, mineralogically related to calcite (Pinheiro Junior et al., 2021).

The modern soil in SC02 is represented by the profile A1-C1 (Fig. 5.2B). The total depth of the
profile is greater than 100 cm, with a dominant proportion of sand, generally greater than 70%,
while the clay content is less than 15%. This corresponds to the classification criteria for Arenosols
(IUSS Working Group WRB, 2022b). The RW index is generally low (Fig. 5.6. SC02), although
there is an increase towards the surface soil (A1) in line with the increase in clay content and the
clayeyness index which, as in the case of the previous profile, suggests a minimal but not negligible
contribution of hydrolysis in the soil formation processes. Although the CaCOs content of horizon
C1 is relatively low (1.52%), the increase in the calcification index and the presence of some

nodules within this horizon indicate the accumulation of pedogenic carbonates, though to a lesser
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extent than SCO1. Furthermore, the concomitant decrease in the Mg/Ca ratio indicates calcite
precipitation. The salinisation index and EC are low, reflecting a very low degree of salinisation.
The modern soil in SCO03 is represented the profile A1I-AC—C1-C2 (Fig. 5.2C). As with
SCO01, this profile shows an accumulation of pedogenic carbonate in the AC horizon, but this is
not sufficiently developed to allow it to be classified as Calcisols (CaCOs3 is well below the 15%
threshold). Furthermore, although sand is dominant throughout the profile, the clay content in the
upper horizons (Al and AC) is greater than 15%. Therefore, given the poor development of the
profile, it should be classified as Calcaric Cambisols. The RW index is relatively low compared to
SCO02. Nevertheless, the clayeyness index and clay content highlight the importance of clay. While
this could be interpreted as evidence of a significant contribution of clay formation to the ongoing
pedogenesis, the contrast between the two indices shows that great caution is advised, as the
deposition processes discussed in the previous section could have promoted the accumulation of
clays. This implies a translocation of clay particles from upstream (SCO01, SC02) to downstream
(SC03, SC04) due to the decrease in depositional energy. This is consistent with the high
clayeyness index and clay content of C2. The calcification index highlights a calcification process
within horizons AC and C1. However, as in the case of clay accumulation, the contribution of
parent materials cannot be ruled out given the nature of layer C1. Furthermore, the increase in the
calcification index in this layer is not accompanied by a concomitant decrease in the Mg/Ca ratio,
which could indicate the presence of dolomite (Pinheiro Junior et al., 2021). The hard nodules
observed, which are inconsistent with the degree of pedogenic evolution of the layer, would mainly
result from sedimentary processes. As in the case of the profiles described above, salinisation

remains a minor process.
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The modern soil profile in section SC04 is as follows: A1-AC (Fig. 5.2D). It is a Cambisols due
to its shallow depth and low CaCOs; content. Pedogenic processes are very poorly developed.
However, as in the case of SC03, translocation has probably contributed to the relatively high clay
content observed.

In summary, the modern soil profiles predominantly reveal poorly developed soils, mainly
classified as Cambisols and Arenosols, which aligns with certain soil groups described in the
region by Eze (2022). The dominant pedogenetic process observed is calcification, which is
supplemented by the neoformation of clays resulting from the geochemical alteration of sediments.
This entire pattern of minimal pedogenic development, calcification, and neoformation is

confirmed by previous results in the region (Dina Ebouel et al., 2025b; Eze et al., 2025).

5.5.2.2. Buried palaeosols

The thickness of the buried palaeosol profiles also varies between upstream and downstream. SCO1
revealed three successive cycles. The most superficial palaeosol profile is as follows: ABIb—
Bkkb—CB1b-CB2b—CB3b (Fig. 5.2A). Given the high CaCOs3 content observed in the Bkk horizon
(24.61%) and the abundance of carbonate features, including nodules and diffuse powder, it
corresponds to palaeo-Calcisols (Nordt et al., 2025). Calcification is therefore the most important
pedogenic process, characterised by an accumulation of calcite, as shown by the decrease in the
Mg/Ca ratio coinciding with the increase in the calcification index in AB1b and Bkkb. Chemical
weathering and salinisation, on the other hand, are very low, as shown by the RW and clayeyness
indices in the first case and the salinisation index in the second. The second buried palaeosol of
SCO01, immediately below, consists of layers AB2b and CB4b. It has a very sandy profile (>70%),
low SOM content (0.19%) and peds. It therefore corresponds to palaeo-Entisol (Nordt et al., 2025).

The above description shows little to moderate pedogenesis, but there are accumulations of CaCO3
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in the form of pseudomycelia and a few soft nodules. The last buried palaecosol of SCO1 is capped
by AB3b. It is difficult to discuss this cycle, which comprises only a single exposed layer.
However, a few rare pseudomycelia are also observed.

The palaeosol profile buried in SC02 is as follows: ABb—BC1b—BCkkb—BC2b—BCkb—BC3b. The
presence of BCkkb, consisting of soft nodules and diffuse powder and of coating gravels,
demonstrates calcic characteristics. However, the CaCO3 content is slightly less than 15%.
Furthermore, the high sand content (above 60%) and low clay content (below 15%) throughout
the profile is characteristic of Arenosols (IUSS Working Group WRB, 2022), equivalent to palaeo-
Aridisols (Nordt et al., 2025). The high calcification indices in the BCkkb and BCkb layers show
that calcification is the dominant pedogenic process, leading to the accumulation of calcite, as
evidenced by the decrease in the Mg/Ca ratio in these layers. However, the significant presence of
sandstone parent rock remnants in a context where some are often characterised by carbonate
cement (Franchi et al., 2021) could also indicate a partially lithogenic origin for the observed
accumulations. The low clayeyness indices are consistent with the low clay content. However, the
ABb and BC1b layers have relatively high RW indices, indicating greater chemical weathering.
This contrast can be explained by the loss of fine particles (clay and SOM) in the upstream, as
explained earlier. The relatively high EC measured in the profile contradicts the low salinisation
index values. This discrepancy indicates that ion accumulation is not primarily due to salts. This
situation can be explained by the abundant presence of basalt rock fragments undergoing chemical
weathering within the profile. The hydrolysis of these rocks releases a significant amount of highly
conductive cations (Na*, K*, Ca*" and Mg?"), which are responsible for the increase in EC (Anda

etal., 2015).
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The palaeosol profile buried in SCO03 is as follows: ABb—Btb—BCkkb—BCkb. The diagnostic
BCkkb, characterised by hard carbonate nodules, refers to palaco-Calcisols. Calcification is the
dominant pedogenic process, as shown by the high calcification indices in BCkkb and BCkb. The
decrease in the Mg/Ca ratio in these layers, as in the previous cases, is indicative of calcite. Despite
high clayeyness index and content in the ABb and Btb layers, the RW index is low, indicating a
low degree of chemical weathering and supporting the deposition of translocated clay particles
from upstream.

The buried palaeosol profile of SC04 is as follows: ABb—Bt1b—Bt2b—BCkkb—BCkb. As in the case
of SCO03, this also corresponds to palaeo-Calcisols. Calcification is the predominant pedogenic
process, characterised by the accumulation of calcite. However, the RW index is very high in the
Bt horizons (over 80%). The values observed are similar to those found in tropical soils (Cho and
Ohta, 2022). This is inconsistent with the clay index and is probably characteristic of a change in
the parent material. The multiple fragments of sandstone undergoing weathering may be
responsible for these high RW values.

In sum, across all sections, Calcification is the most important pedogenic process. Chemical
weathering is generally low, supporting the classification of these profiles as typical of semi-arid

or arid palaeoenvironments.

5.6. Conclusions

This comprehensive study of the pedosedimentary sequences in central Botswana reveals that the
landscape evolved as a result of cyclical palacoenvironmental changes occurring within a context
of long-term geodynamic stability. The findings confirm the existence of a consistent alternation
between periods of pedogenic stability, during which multi-layered palaeosols formed (e.g. SC01),

and periods of abrupt sedimentary deposition driven by a pulsed fluvial regime. Sedimentological
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evidence, including abrupt horizon boundaries and downstream fining, corroborates these
interruptions and subsequent burial events. The morphology of the deposits (alternating sandy and
loamy beds) reflects intermittent river flow, analogous to the current semi-arid climate.
Calcification is the dominant and persistent process across all profiles (both ancient and modern).
This is evidenced by high CaCOs contents and diagnostic features that classify palaeosols
primarily as Calcisols (SC01, SC03, SC04) or Arenosols (SC02), and modern soils as Calcaric
Cambisols or Arenosols. Geochemical analysis indicates an overall low degree of chemical
weathering (low RW), reflecting the region's arid conditions. However, localised anomalies, such
as high EC with low salinisation attributed to the release of conductive cations (Ca**, Mg?") from
basalt weathering and unexpectedly high RW values in SC04, underscore the influence of
lithogenic factors (parent material change and basalt weathering) on soil chemistry. The study
validates pedogenic carbonate accumulation as the dominant pedogenic process in the soils of the
region, linking the present-day chemical landscape directly to Quaternary environmental cyclicity
and highlighting its significance for the regional carbon balance. Nevertheless, these results have
limited value without tracing the origin of the calcium, which is critical in carbon balances and

understanding the processes of calcium ion mobilisation within carbonates in these environments.
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CHAPTER SIX

Basaltic Weathering: The Source and Driver of Calcium Enrichment in Pedogenic

Carbonates of the Central Botswana Fluvial Landscape®

Abstract

This study investigates the contribution of local mafic lithologies to the calcium supply of
pedogenic carbonates within pedosedimentary sequences in semi-arid Central Botswana. Four
pedosedimentary sections were examined alongside local basaltic, sandstone, and mudstone
formations using an integrated approach of mineralogy (XRD), petrography, and elemental
geochemistry. Mineralogical results identify basaltic rocks as the primary calcium reservoir,
containing significant labradorite [(Na,Ca)(ALSi)4Osg] (up 43%) and augite [(Ca, Na)(Mg, Fe,
AlD)(Si, Al)206] (up to 34%). Carbonate features are dominated by calcite (40-75%), spatially
associated with basaltic alteromorphs, smectite, and secondary iron-manganese oxides.
Petrographic analysis reveals a significant structural evolution from open, porous fabrics to dense
calcitic-crystallitic b-fabrics. The preservation of basaltic lithorelicts exhibiting pellicular
weathering patterns, alongside the development of single-spaced porphyric distributions in mature
nodules, confirms substantial material gain and expansive crystallisation pressure within the soil
matrix. Geochemically, the Mafic—Felsic-RW diagram demonstrate a strong proximity between
carbonate features and basaltic precursors and a negligible contribution from felsic detrital sources,
although a minor contribution from other sources, such as aeolian inputs, cannot be entirely ruled

out without isotopic constraints. Calcium mobilisation is driven by two distinct pathways: an

5 This chapter is based on a research article co-authored with Thierry Bineli Betsi, Elisabeth Eiche, Stefan

Norra, and Peter N. Eze; currently under review in CATENA.
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autochthonous route involving the in-situ chemical weathering of reworked basaltic fragments,
and an allochthonous route involving the translocation of ions via soil solutions and groundwater.
These processes are regulated by the interplay between regional semi-arid climate cycles and local
fluvial dynamics. These findings underscore the potential of semi-arid basaltic environments as
significant long-term carbon sinks. Furthermore, the natural role of basalt in carbonate formation
provides a robust scientific basis for Carbon Dioxide Removal (CDR) strategies through Enhanced
Rock Weathering (ERW).

Keywords: Basalt weathering; Calcification; Carbon sequestration; Elemental geochemistry;

Mineralogical proxies; Soil inorganic carbon.
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6.1. Introduction

The biogeochemical cycle of calcium (Ca) is intrinsically linked to carbon sequestration, acting as
a primary regulator of the Earth's long-term climate (Ridgwell and Zeebe, 2005). The cycle is
initiated by the chemical weathering of continental rocks: atmospheric CO; dissolves in rainwater
to form weak carbonic acid, which reacts with silicate and carbonate minerals to release calcium
ions (Ca”") and bicarbonate (HCOs"). These solutes are transported by river systems to the oceans.
More than 90% of the carbon in the oceans is in the form of bicarbonate ions, while the remaining
fraction precipitates to form carbonate rocks (limestone, dolostone)(Ussiri and Lal, 2017).
Recognition of this relatively stable carbon sequestration pathway has stimulated growing interest
in its application within agrosystems, particularly through ERW, which involves the deliberate
addition of Ca-rich rock powders to soils to accelerate the uptake of atmospheric CO> (Haque et
al., 2021; Vienne et al., 2022).

In pedosphere environments, Ca carbonate represents the inorganic component of the carbon cycle,
commonly referred to as soil inorganic carbon (SIC). In these systems, Ca ions released by the
weathering of silicate minerals or the dissolution of pre-existing carbonates react with CO-
dissolved in soil pore water, leading to the precipitation of secondary minerals known as pedogenic
carbonates. This pathway of soil carbon sequestration is naturally promoted in arid and semi-arid
regions, where it has been shown to function as an important long-term carbon sink (Monger,
2014).

It is essential to note that, while carbonate weathering is a closed cycle, silicate mineral weathering
represents a net removal of atmospheric CO», as half of the sequestered carbon is buried in marine
sediments as limestone, effectively removing it from the atmosphere-ocean system for millions of

years (Lal et al., 2021). Crucially, the net carbon balance of this cycle is governed by the source
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of Ca. While the recycling of pre-existing carbonates (e.g., calcite or dolomite) is effectively
carbon neutral, the chemical weathering of silicate minerals, such as calcium plagioclase, generates
a net carbon sink by sequestering two moles of CO» for every mole of Ca released (Monger et al.,
2015). Consequently, determining the origin of calcium in pedogenic carbonates is essential to
accurately assess the magnitude and effectiveness of carbon sequestration through this pathway.
Numerous studies have investigated the origin of Ca in pedogenic carbonates as highlighted in
Dina Ebouel et al. (2024). In most cases, the methodologies employed rely on isotopic proxies,
such as the 37Sr/%®Sr ratio, to fingerprint potential endmembers. More specifically, the isotopic
signatures preserved in carbonates are measured against those of presumed parent materials to
determine their origin (Chen et al., 2022; Dietrich et al., 2017; Milli¢re et al., 2019; Van Der Hoven
and Quade, 2002). While these isotopic approaches have proven effective in discriminating among
contributing Ca reservoirs, they remain inaccessible (costly) in many contexts, particularly in
countries of the Global South where this issue is highly relevant. For instance, arid and semi-arid
environments cover for nearly 35% of the African continent (Naorem et al., 2022), yet only a
limited number of laboratories are equipped to perform such specialised isotopic analyses. As
highlighted by Dina Ebouel et al. (2024), this methodological constraint slows down the progress
of research on the SIC in this region, at a time when research into solutions that promote the
sequestration of atmospheric COz is more important than ever. Thus, the development of
alternative methodology is needed to improve the investigation of SIC sequestration pathway in
these environments.

Dina Ebouel et al. (2025a) have demonstrated that a multi-proxy approach, specifically combining
elemental geochemistry and macromorphological observations, can robustly constrain the origin

of Ca and the processes governing its mobilisation and incorporation into carbonate features. Such
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an approach offers a valuable and more accessible alternative for assessing pedogenic carbonate
formation and associated carbon sequestration pathways by integrating geochemical indices,
elemental ratios, and field-scale morphological evidence, particularly in environments with limited
data and infrastructure. Nevertheless, although this type of approach can provide general
indications about the source material, the specific minerals responsible for the calcium supply are
only deduced based on assumed mineralogical compositions of the source rock. As a result, the
weathering processes involved, and the mineralogical sequence leading to the release of Ca, remain
poorly understood. This represents a significant gap in current knowledge, as the precise
identification of Ca-bearing minerals and their weathering pathways is essential for process-based
interpretations and for the effective replication or optimisation of these mechanisms in
agrosystems. However, this limitation can be overcome by mineralogical and petrographic
(micromorphological) analysis (Bajnoczi and Kovécs-Kis, 2006; Bockheim and Douglass, 2006).
Thus, the use of elemental geochemical proxies, combined with mineralogical and petrographic
analysis, would be an excellent tool for tracing the source minerals of Ca and its mobilisation
mechanisms within pedogenic carbonates.

In the Central District of Botswana, pedogenic carbonates have been identified within carbonate
accumulation horizons along pedosedimentary sequences developed on basalt and sandstone (Eze,
2022). The main features observed are nodules, pseudomycelia and diffuse powders. The
mechanisms involved in the formation of these pedosedimentary sections have been previously
described, and the pedogenic nature of the carbonate features has been clearly established (Dina
Ebouel et al., n.d.). However, although these studies highlight the reworking of local rock
fragments within the fluvial-colluvial deposits that constitute the pedosedimentary sequences, no

investigation has specifically addressed their contribution to the supply of calcium. This is
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particularly relevant given that the Stormberg basaltic lavas may represent a significant potential
source of calcium. The specific objectives are to identify and constrain the most plausible sources
of Ca, acknowledging that a fully quantitative partitioning of sources requires isotopic data beyond
the scope of this study, and to discuss the processes and mechanisms governing its transfer. The
specific objectives are to identify potential sources of Ca and to discuss the processes and
mechanisms governing its transfer from the source material to the pedosedimentary sections, as

well as its subsequent mobilisation within carbonate features.

6.2. Environmental setting

The study area is located near Serowe in the Central District of Botswana ranged from 22.34° to
22.42° S and from 26.67°-26.76° E (Fig. 6.1). The area marks the transition between Botswana’s
two main geomorphological units: the Sandveld (Kalahari Desert), characterised by sand deposits
and dune, and the Eastern Hardveld, where the Precambrian basement and the Karoo Supergroup
(dating from the Upper Carboniferous to the Lower Jurassic) are exposed (Atlhopheng et al.,
2022). The landscape is characterised by gently sloping plains interspersed with isolated ravines
affected by active erosion (Eze, 2022). The geological context is characterised by formations of
the Karoo Supergroup dated Late Carboniferous—Early Jurassic (Smith, 1984). They are locally
overlain by unconsolidated aeolian deposits of the Kalahari Group (Franchi et al., 2021). Two
types of geological formations belonging to the Karoo Supergroup are prominent in the landscape,
namely the Stormberg Group, also referred to as the Stormberg lavas and characterised by
amygdaloidal basalts and dolerites, and the Lebung Group, represented by sandstones and
mudstones (Dina Ebouel et al., n.d.).

The region experiences a hot semi-arid climate (BSh in Kdppen—Geiger classification), marked by

long dry periods and a short rainy season from November to March. Mean annual rainfall averages
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about 442 mm, with high interannual variability and frequent droughts, but episodic flooding also
occurs. Temperatures range from winter minima near 0°C to summer maxima exceeding 45°C
(Batisani and Yarnal, 2010). Surface waters are ephemeral, occurring only during the rainy season,
and are characterised by low mineralisation with Ca—HCO3 to Ca—Mg-HCO3 chemical facies,
typical of recent meteoric waters (Stadler et al., 2010).

Vegetation corresponds to a bush savannah ecosystem, dominated by woody species such as
Acacia, Terminalia, and Boscia, with a diverse herbaceous layer of perennial grasses (Ringrose et
al., 1998). However, this natural vegetation is strongly modified by agricultural activities and
infrastructure development (Atlhopheng et al., 2022). The pedosedimentary sections of the region
show alternating phases of sedimentary deposition and soil formation, with calcification as the
major pedogenic process (Eze, 2022). As is often the case in arid environments, local pedogenic
processes are dominated by the accumulation of secondary calcium carbonates (diffuse powders,
nodules and pseudomycelia) as well as by the influence of aeolian deposits (Dina Ebouel et al.,
2025a). Regarding the latter, Garzanti et al. (2022) demonstrate that aeolian inputs, originating
primarily from the Kalahari, are predominantly composed of highly reworked quartz, which
frequently exceeds 90% of their composition. Furthermore, their study indicates that localised
enrichments in alkali and alkaline earth elements are generally linked to the local geological
framework, particularly the weathering of Karoo basaltic rocks (Garzanti et al., 2022). Eze et al.
(2025) also demonstrated that the mobilisation of alkali and alkaline earth elements, as well as
trace elements, active in the formation of Vertisols in this environment, mostly originates from the
weathering of local basaltic source rocks, though the resulting pedosedimentary sections are

polygenic.
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Fig. 6.1. A. Location map of the study area; B. A zoomed-out map of the study area; SCO1 to

SCO04. field photographs of the study sections.

6.3. Material and methods

6.3.1. Field sampling and sections description

Four pedosedimentary sections were selected along an ephemeral watercourse known locally as
Metsimasweu (Fig. 6.1). A full description of the selected sections is provided in Dina Ebouel et
al. (n.d.). Briefly, the studied sections record a landscape defined by repeated alternations between

sediments deposition and pedogenetic processes. The result is a complex architecture of modern
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soils and palacosols buried under sediment, justifying their qualification as pedosedimentary
landscapes.

SCO1 (Fig. 6.2A) is the most complex soil section, comprising 14 horizons. It is dominated by a
sandy loam to loamy sand texture (sand > 60%) and maintains a moderately alkaline pH (6.8-8.3).
Calcification is highly pronounced here, with CaCO3 content reaching a study-wide maximum of
24.61 wt.% in the Bkb horizon. Carbonate features primarily manifest as soft nodules and diffuse
powder, though the two basal layers (CB4b and AB3b) are distinct for their pseudomycelia (fine
carbonate infillings within soil pores).

SCO02 (Fig. 6.2B) consists of eight horizons. The pH is moderately alkaline, with a peak of 8.4 in
the lower parts. The carbonate content is lower than that of SCO1, reaching 14.24% by weight in
the BCk1b layer. The carbonate features are mainly in the form of diffuse powder and nodules,
with occasional pseudomycelia observed specifically in the BC2b layer.

SCO03 (Fig. 6.2C) also contains eight horizons, but exhibits significant textural complexity,
including a unique C2 layer with alternating silty and sandy sublayers resembling modern fluvial
deposits. It has the highest clay concentration, with the ABb layer reaching 50% clay. The CaCOs3
content varies considerably, with a peak of 16.25 wt.%. While most layers contain diffuse powder,
the basal horizons BCk1b and BCk2b are distinguished by the presence of hard concretions and a
few pseudomycelia.

SC04 (Fig. 6.2D) is the most downstream. It consists of seven horizons and has the greatest textural
diversity, with intermediate layers rich in clay (up to 39% clay). It is the only profile with a slightly
acidic topsoil layer (pH 6.4). Carbonate accumulation remains high at depth, with a peak of 21.09
wt.% by weight in the BCk1b layer. Here, the carbonates occur as diffuse powder (sometimes

covering the gravel) and soft concretions.
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Fig. 6.2. Representation of the studied sections. The naming of horizons follows the
recommendations of the IUSS Working Group WRB (2022).

Dina Ebouel et al. (n.d.) also document extensive reworking of surrounding rock fragments within
the pedosedimentary sections, as evidenced by the presence of gravels at various stages of
weathering (Fig. 6.3). These features are interpreted as the result of active fluvial dynamics.
Consistently, granulometric analyses indicate high-energy depositional conditions, characteristic
of episodic flood events.

Modern soils are generally weakly developed, reflecting limited chemical weathering under semi-
arid climatic conditions. They are mainly classified as Cambisols and Arenosols, depending on
texture and profile development. Cambisols (SCO1, SC03, SC04) show incipient horizon

differentiation with moderate clay contents and local accumulation of pedogenic carbonates, but

CaCOs contents remain below the threshold required for Calcisols. Arenosols (SC02) are
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dominated by sand throughout the profile, with minimal structural development. Across all modern
soils, calcification is the dominant pedogenic process, evidenced by diffuse carbonate
accumulations and nodules, while chemical weathering and salinisation remain weak. Clay
formation and enrichment are locally observed but are partly attributed to sedimentary inputs and
downstream translocation rather than in situ weathering alone.

The buried palaeosols show clearer and more advanced pedogenic signatures, particularly in the
form of calcic horizons. Several profiles are classified as palaeo-Calcisols, characterised by high
CaCOs contents, abundant carbonate nodules, and calcite-dominated mineralogy, indicating
prolonged periods of landscape stability under semi-arid to arid conditions. Calcification is
consistently the dominant process, while chemical weathering and salinisation remain limited. In
contrast, some buried profiles with very sandy textures and weak horizon development correspond
to palaeo-Entisols or palaeo-Aridisols, reflecting shorter-lived or less stable pedogenic phases.
Elevated clay contents in certain buried horizons are interpreted as the result of sedimentary
translocation from upstream areas, rather than intense in situ weathering.

Overall, both modern soils and palaeosols indicate that calcification overwhelmingly controls soil
evolution, with only moderate contributions from hydrolysis and clay neoformation. The
persistence of weak chemical weathering signatures, even in buried profiles, supports the
interpretation of long-term semi-arid environmental conditions, punctuated by episodic
sedimentation that governs soil preservation, burial, and lateral redistribution of fine materials

(Dina Ebouel et al., 2026).
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Fig. 6.3. Representative rock fragments isolated from the pedosedimentary sections. (A) Sandstone
fragment from SC02; (B) sandstone and dolerite fragments from SC03; (C-D) micrographs of a
preserved dolerite fragment from SCO1; (E-F) micrographs of partially weathered sandstone from
SC02; (G-H) micrographs of partially weathered amygdaloidal basalt from SCO1, in which
primary minerals remain clearly identifiable.

This work is based on the analysis of four rock samples from the main rock outcrops identified in
the study area. These include an amygdaloidal basalt (Fig. 6.4A), a dolerite (Fig. 6.4B), a sandstone
(Fig. 6.4C) and a mudstone (Fig. 6.4D). Carbonate features, including nodules and pseudomycelia

(Fig. 6.4E and F), were carefully hand-picked from the calcareous horizons.
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A total of 19 carbonate samples were considered, including one pseudomycelia (Ps) from horizon

AB3b of SCO1 and 18 nodules (NdO1—Nd18), as shown in Table 6.1.

Bulk soil samples were collected from each of the pedogenetic horizons identified during the field

sampling.

Table 6.1. Samples repartition and coding

Section Layer Depth (cm) Sample Type of samples
- - - Dolerite
- - - Amygdaloidal Basalt Rocks
- - - Sandstone
- - - Mudstone
Bk2 120-150 NdO01
ABlb 240-300 Nd02
Carbonate nodules
SCO1 300-330 Nd03
Bkb
330-360 Nd0o4
AB3b 740-840+ Ps Pseudomycelia
BCklb 240-360 Nd05
SC02 500-540 Nd06 Carbonate nodules
BCk2b
540-580 Nd07
245-285 Nd08
285-305 Nd09
BCk1b 305-345 Nd10
SC03 Carbonate nodules
345-375 Nd11
BCk2b 375-400 Nd12
160-190 Nd13
BCk1b 190-220 Nd14
SCo4 220-260 Nd15 Carbonate nodules
260-300 Nd16
BCk2b 300-330 Nd17
330-400+ Nd18
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6.3.2. Mineralogical analyses

X-ray diffraction (XRD) analysis and petrographic observations were conducted on representative
specimens of the primary lithologies identified in the study area (dolerite, amygdaloidal basalt,
sandstone, and mudstone). Regarding pedogenic carbonates, a selective sampling strategy was
implemented to capture the diversity of pedogenic cycles while maintaining the consistency of the
original approach of the study. In the complex SCO1 section, three distinct features were analysed
to represent the stratigraphic evolution: NdO1 (modern soil Bk2 horizon), NdO3 (buried Bkb
palaeosol), and Ps (basal pseudomycelia). For sections SC02, SC03, and SC04, a single
representative nodule was selected per section. This representative sub-sampling strategy is
justified by appearance of nodules only in the buried palaeosol in these sections. Moreover, stable
isotope data (8'°C and §'%0), reveal tightly clustered values with minimal internal dispersion
within each section. Such isotopic homogeneity indicates that the carbonate features within these
sections precipitated under similar environmental and hydrological conditions, thereby ensuring
that the selected mineralogical samples are representative of the entire buried palaeosol
calcification process (Dina Ebouel et al., 2026). Calcification is not yet in an advanced stage in the
modern soil of theses sections to produce nodules. Only diffuse powder accumulations are
observed (Dina Ebouel et al., n.d.).

Pulverisation was conducted in all the samples using an agate planetary ball mill to ensure a high
degree of fineness while preventing trace metal contamination. The pulverised samples were
submitted to X-ray diffraction (XRD) that was carried out at the Materials Characterisation
Laboratory of Botswana International University of Science and Technology (BIUST), using a
Bruker D8 Advance powder diffractometer equipped with a Cu-tube X-ray source and a Lynx Eye

XE energy-dispersive strip detector. The radiation used was Cu-Ka radiation with a wavelength
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of 1.5418 A at 20 values between 5 and 90 degrees for the bulk mineralogy and 5 to 30 degrees
for the clay mineralogy, using a step of 0.02 degrees with a time of 0.200 sec/step. The machine

was operated at 40 mA and 40 kV.

Pseudomycelia

Fig. 6.4. A. Amygdaloidal basalt sample; B. Dolerite sample; C. Sandstone sample; D. Mudstone
sample; E. Pseudomycelia carbonate accumulation observed in AB3b (SCO1); F. Calcium

carbonate nodules observed in BCkb (SCO03).
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Thin sections of the different lithology (dolerite, amygdaloidal basalt, sandstone and mudstone)
were prepared following standard petrographic procedures. To preserve their internal structure and
porosity, the pedogenic carbonate features (nodules and pseudomycelia) were vacuum
impregnated with epoxy resin prior to sectioning. All sections were then grinded and polished to
a standard thickness of 30 um for analysis under a polarised light microscope at the Mineral

Dressing Laboratory of BIUST.

6.3.3. Elemental geochemistry

The element compositions of pulverised samples, including Si, Al, Fe, Mn, Mg, Ca, Na, K, Ti and
P (all reported as the mass percentage of oxides), and Sr reported in mg/kg was performed on fused
beads using an S4 Explorer (Bruker AXS) wavelength dispersive X-ray fluorescence spectroscope
(WDX) at the Laboratory for the Environmental and Raw Materials Analysis (LERA), Institute of
Applied Geosciences, Karlsruhe Institute of Technology (KIT),Germany. Prior to element
quantification, the loss on ignition (LOI) of the pulverised samples was determined by heating
them to 950 °C for 3 hours and recording the weight difference before and after heating. Fused
beads were prepared by mixing the ignited sample powder with a 66.5:33.5 ratio of Li-tetraborate
and Li-metaborate (Spectroflux 110, Alfa Aesar) before melting it at 1000—1100 °C using a fusion
instrument. An Rh X-ray tube (50 keV, 1 kW) was used as the radiation source. Signals were
detected using a proportional flow counter (Ar-CH4 gas) and a scintillation counter. XS-55,
LIF2000 and PET were used as analyser crystals. Four certified reference materials, including
AGV-1, GXR-2, GXR-5 and Soil 7, were used to verify the accuracy of the produced data

(Appendix 6.1).
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6.3.4. Data treatment

The XRD data were processed using the Rietveld Profex refinement software (version 5.2) from
BGMN (Doebelin and Kleeberg, 2015). Qualitative phase identification was based on structural
data from the Crystallography Open Database (COD), whilst quantitative mineralogical analysis
was carried out using the Rietveld method, involving least-squares refinement of the entire
diffraction profile. This approach considers the crystal structure, peak broadening and background
noise, thereby ensuring greater accuracy than methods relying solely on the relative intensities of
characteristic peaks. To maintain stoichiometric consistency with the measured concentrations of
the main oxides, the refinement of the identified phases was strictly constrained by the elemental
data obtained by XRF.

Micrographs of pedogenic carbonate features were described in accordance with the general
guidelines set out by Stoops et al. (2018).

To facilitate stoichiometric comparison, bulk geochemical data from samples, originally reported
as oxide weight percentages (wt.%) were recalculated into elemental molar percentage (mol%).
For each oxide, the weight percentage was divided by its molecular weight to determine the
corresponding oxide molar proportion. This value was subsequently multiplied by the cation
stoichiometric coefficient of the oxide (e.g. 2 for Al,O3; 1 for CaO) to derive the unnormalised
cation molar proportion. Elemental molar percentages (mol%) were obtained by normalising these
values to the total molar sum of all analysed elements (Rollinson and Pease, 2021). The raw
elemental data, expressed as weight percentages of oxides, including LOI and the conversion
procedure are presented in Appendix 6.2.

To trace the source of materials contributing to pedogenic carbonate formation, the RW approach

based on the Mafic—Felsic-RW diagram (Cho and Ohta, 2022) was used. This methodology is
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specifically designed to overcome the limitations of conventional weathering indices (e.g., CIA,
W index), which are often unreliable in systems enriched in non-silicate phases such as authigenic
carbonates. Its robustness lies first in its mathematical immunity to calcification. The RW index is
calculated within a sub-compositional space that excludes CaO, SiO», and P>Os, ensuring that
carbonate accumulation does not bias the geochemical signal or artificially shift samples towards
the mafic pole. The approach also relies on Independent Component Analysis (ICA), which
separates statistically independent variables related to source composition (IC1) and weathering
intensity (IC2). This allows the extraction of the dominant geochemical lineage of the silicate
fraction (e.g., mafic versus felsic affinity), even in complex and heterogeneous systems. This
aspect is particularly critical in the present study, where the pedosedimentary context reflects a
mixed and reworked assemblage rather than a single, well-defined parent material. In such settings,
the RW index does not attempt to define a unique parent material sensu stricto, but rather identifies
the prevailing geochemical signature inherited from contributing lithologies. Finally, the validity
of this approach has been demonstrated empirically in carbonate-rich and compositionally mixed
systems, such as palaeosols developed from combined granitic saprolite and aeolian inputs, where
the RW index successfully constrained source affinity and weathering trends while conventional
indices failed. Consequently, despite the dominance of authigenic carbonate in pedogenic features,
the RW approach remains a reliable tool for preserving and interpreting the silicate-derived
geochemical signal and for assessing the contribution of mafic materials within mixed

pedosedimentary environments.
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6.4. Results

6.4.1. Characterisation of soil parent materials and carbonate features

The proportions of mineral phases in mass percentage (wt.%) of rock samples and carbonate
features identified by XRD are presented in Table 6.2. The dolerite (Fig. 6.4B) is made up of 43%
labradorite, 34% augite, 14% forsterite, and 9% opaque minerals. The amygdaloidal basalt (Fig.
6.4A) is composed of 48% of labradorite, 22% of augite, 12% of zeolites (heulandite), 10% of
chlorite and 8% opaque minerals. The sandstone (Fig. 6.4C) is constituted of 90% of quartz, 5%
of microcline, 2% of illite, 1% of kaolinite and 2% of secondary oxides. The mudstone (Fig. 6.4D)
is composed of 39% of albite, 21% of quartz, 20% of illite, 15% of kaolinite and 5% of secondary
oxides.

In carbonates features, calcite is the dominant mineralogical phase. Primary phases including
quartz, augite, and labradorite are also observed alongside other secondary minerals including
dolomite, clays and oxides. Nevertheless, augite and labradorite only appears in NdO1 and Ps. The
relative proportions of these mineral phases vary significantly between individual features. In
sample NdO1 of section SCO1, collected from Bk2, quartz (23%) is second dominant mineral after
calcite (54%). Dolomite represents 10%, while the remaining fraction is made up of 4% of augite,
4% of smectite, 3% labradorite and 2% secondary oxides. In Nd03 from Bkb, dolomite (15%) is
the second abundant phase after calcite (60%), while quartz is 14%, smectite 7% and secondary
oxides 4%. Pseudomycelia (Ps) in the horizon AB3b is constituted of 40% calcite, 30% quartz,
10% smectite, 8% dolomite, 5% labradorite and 2% augite. In SC02, Nd06 is characterised by
66% calcite, 10% quartz, 10% dolomite, 10% smectite and 4% of secondary oxides. Sample Nd10

in section SC03 is composed of 74% calcite, 12% quartz, 5% illite, 5% secondary oxydes and 4%
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dolomite. In sample Nd14 from SC04, calcite represents 75% of the mineral composition. Quartz

accounts for 10%, whilst illite, secondary oxides and dolomite each account for 5%.
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Table 6.2. Semi-quantitative mineralogical composition of the samples

Mineralogical Rock sample Carbonate features sample
COT‘:: i/:,t)lon Dolerite Am\Lgaclzllt:ldal Sandstone Mudstone Ndo1 SC::O3 o :IZ(:)ZG Zf::) Iflf:l‘:l
Labradorite 43 48 - - 3 - 5 - - -
Augite 34 22 - - 4 - 2 - - -
Forsterite 14 - - - - - - - - -
Zeolite - 12 - - - - - - - -
mimeras | ° : : S IR A R
Chlorite - 10 - - - - - - - -
Quartz - - 90 21 23 14 30 10 12 10
Microcline - - 5 - - - - - - -
Ilite - - 2 20 - - - - 5 5
Albite - - - 39 - - - -
Kaolinite - - 1 15 - - - - - -
Secondary | - ) s | 2 4 s| 4| s | s
Calcite - - - 54 60 40 66 74 75
Dolomite - - - - 10 15 8 10 4 5
Smectite - - - 4 7 10 10 - -
Petrographic observations of the rocks are generally consistent with the XRD results. The

abbreviations for mineral names shown in the images are in accordance with those proposed by

Whitney and Evans (2010). Plagioclase is the most abundant mineral in dolerite (Fig. 6.5A and B),

appearing as elongated, slat-shaped crystals and amygdaloidal basalt where they appear much

smaller (microlites) (Fig. 6.5C and D). Clinopyroxenes (probably augite) are also well represented.

These are irregular subsequent crystals located between the plagioclase lamellae. Prominent

cleavage is visible in some grains of dolerite. In the amygdaloidal basalt Clinopyroxene are

represented in PPL by beige to brown-grey grains with a marked relief, while they show vivid

second-order interference colours (blue, pink, green) in XPL. Olivine in dolerite is represented by

several larger, somewhat rounded crystals (phenocrystals), often displaying characteristic
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fractures. Zeolites (heulandite) fill the vesicles of the amygdaloidal basalt. In PPL, they appear as
large circular or ovoid white/light areas. In XPL, they have very low relief and very dark grey to
black interference colours. Opaque minerals are represented by completely black and irregular
areas in PPL and XPL. They are scattered throughout the matrix.

The quartz-dominant mineralogy (90%) identified through XRD is strongly corroborated by
petrographic observations of the sandstone. Micrographs (Fig. 6.5D and F) reveal an abundance
of angular to sub-angular quartz framework grains embedded in a dense, reddish-brown matrix.
The micrographs of the mudstone (Fig. 6.5G and H) reveal a dense, fine-grained fabric where
individual grains are difficult to distinguish. Albite is the major component, likely forming the silt-
sized crystalline framework that appears as brighter, speckled points in the XPL. Quartz acts as a
secondary framework mineral, smaller and less abundant than in the sandstone samples analysed
previously. Clay minerals account for 35% of the sample. They form the primary micromass,
creating the cohesive, dense background observed in both images. Although (only 5%), secondary
oxides exert a dominant influence on the sample's appearance. The reddish-purple to tan staining
of the matrix and the prominent dark, opaque clusters (orthic nodules or aggregates) distributed
throughout the images are direct evidence of these iron and manganese oxides. Their presence as

fine-grained coatings on the clay minerals provides the rock its characteristic colour.
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Microscopic observations of pedogenic features (Fig. 6.6) align with XRD data. In both the
nodules NdO1 (Fig. 6.6A) and pseudomycelia Ps (Fig. 6.6B), inherited coarse material consisting
of easily alterable minerals, such as augite and plagioclase, is preserved. The groundmass is
dominated by a crystallitic b-fabric, characterised by a secondary micritic carbonate matrix. Within
this micromass, augite remains recognisable by its high relief and distinct oblique cleavage planes,
with some grains displaying high-order interference colours under crossed-polarised light.
Plagioclase occurs as elongated, lamellar grains, occasionally retaining relict polysynthetic
twinning. Most of these primary grains are encompassed by coronary pedofeatures, consisting of
either a sparitic circum-granular pro-anisotropic rim or a thin ferruginous hypo-coating. Secondary
iron and manganese oxides are prominent, occurring as orthic nodules with distinct internal fabric,
and as reddish-brown impregnative typic coatings concentrated along grain boundaries and vughy
porosity. Furthermore, allochthonous quartz grains are present, characterised by undulating
extinction and a sharp, plane contact with the surrounding calcitic matrix.

Nodules Nd03, Nd06, Nd10, and Nd14 (Panels C, D, E, and F, Fig. 6.6) demonstrate remarkably
consistent micromorphological characteristics. They are defined by a pervasive calcitic-crystallitic
b-fabric, where the fine micromass is heavily impregnated with micritic calcite crystals. This
groundmass also hosts distinct drusy sparitic accumulations within central vughs, visible as
brighter, coarser crystalline patches. The coarse fraction consists primarily of angular to sub-
rounded quartz grains acting as inherited resistant relicts. Interstitial clay minerals (smectite/illite)
form a dense component of the micromass, though their optical expression is frequently masked
by the dominant carbonate fabric. These components are arranged in a single-spaced porphyric
c/f-related distribution pattern. Secondary oxides are present as small, opaque orthic nodules or

clusters acting as impregnative pedofeatures throughout the matrix. Finally, the nodules exhibit a

270



vesicular to vughy microstructure, with porosity comprising irregular vughs and rounded vesicles,

clearly visible as resin-filled areas.

Fig. 6.6. Carbonate features XPL microphotographs. A. Nodule NdO1 collected from Bk2 in SCO1

(NdO1); B. Pseudomycelium Ps collected from AB3b in SCO1; C. Nodule Nd03 collected from
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Bkb in SCO01; D. Nodule Nd06 collected from BCk2b in SC02; E. Nodule Nd10 collected from

BCkl1b in SC03; F. Nodule Nd14 collected from BCk1b in SC04.

6.4.2. Geochemistry

As mentioned in section 6.3.4, molar percentage (mol%) are used to represent the abundance of
elements (Table 6.3). Silicon is the dominant element among all the potential source materials
(dolerite, amygdaloidal basalt, sandstone and mudstone). It is respectively 48.65% and 46.9% in
dolerite and amygdaloidal basalt, while it is 95.23% in the sandstone and 57.25% in the mudstone.
Aluminium is the second most important component, it is 14.23% in dolerite, 18.26% in
amygdaloidal basalt, 2.69% in the sandstone and 23.78% in the mudstone. Basaltic rocks have
relatively high Fe, Ca, Mg and Na contents, with values of 11.64%, 9.68%, 7.15% and 4.19% in
dolerite, and 8.17%, 9.28%, 8.78% and 8.76% in amygdaloidal basalt. Titanium is relatively high
in dolerite (3.02%), while is on minor proportion in amygdaloidal basalt. Potassium and Mn are in
a minor proportion, while Sr is 0.033% and 0.008% respectively in dolerite and amygdaloidal
basalt. Significant K proportion is observed in sandstone (1.35%), while other elements including
Fe, Ca, Mg, Na, Ti and P are in minor or trace contents. Mudstone is characterised by significant
Fe, Na, Mg and K (2.78%, 8.66%, 1.66% and 4.53% respectively), while Ca and Ti are minor
(0.37% and 0.85%). Manganese and P are in trace proportion, less than 0.1%. Strontium in the

sandstone and the mudstone has the same concentration (0.001%).
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Table 6.3. Element content of samples

Section Layer  Depth (cm) Sample Si Al Fe Mn Me ca Na K m P 5 RW
Molar percent (mol%)

- - - Dolerite 48.65 1428 11.64 0.16 7.15 9.68 419 0.90 3.02 0.33 0.033 16.76

- - - A. Basalt 46.94 18.26  8.17 0.13 8.76 9.28 7.44  0.22 0.69 0.13 0.008 5.22
- - - Sandstone 95.23 2.69 0.26 0.01 0.22 0.12 0.05 1.35 0.06 0.01 0.001 57.60
- - - Mudstone 57.25 23.78 2.78 0.06 1.66 0.37 8.66 4.53 0.85 0.07 0.001 13.00
Bk2 120-150 Nd01 38.89 5.75 2.49 0.06 9.00 42.15 0.84 0.54 0.26 0.02 0.024 15.38

AB1b 240-300 Nd02 23.35 3.59 1.16 0.11 10.70 60.19 045 0.28 0.17 0.01 0.023 12.25

SCo1 300-330 Nd03 27.33 3.93 1.22 0.09 16.91 49.73 037 0.24 0.18 0.01 0.023 11.63
Bl 330-360 Nd04 28.08 4.62 1.53 0.08 6.04 58.63 0.54 0.26 0.21 0.01 0.012 15.10
AB3b 740-840+ Ps 49.32 6.73 3.14 0.03 3.58 35.06 1.09 0.64 0.40 0.02 0.009 20.46
BCkkb 240-360 Nd05 17.12 2.45 0.62 0.01 6.95 72.47 0.15 0.10 0.11 0.01 0.017 14.08

SC02 500-540 Nd06 21.14 3.40 1.01 0.16 3.64 70.09 032 0.08 0.15 0.02 0.011 13.15
Bk 540-580 Ndo7 21.26 3.03 0.91 0.22 3.16 70.84 0.27 0.14 0.14 0.02 0.006 17.39

245-285 Nd08 13.35 1.84 0.59 0.10 1.93 81.84 0.17 0.07 0.11 0.01 0.004 16.52
285-305 Nd09 16.72 2.26 0.61 0.05 2.24 77.69 0.24 0.08 0.10 0.02 0.004 14.00

SC03 Beki® 305-345 Nd10 15.64 2.52 0.69 0.04 2.29 78.33 0.24 0.11 0.11 0.02 0.004 17.33
345-375 Nd11 14.55 1.77 0.42 0.05 1.97 80.88 0.20 0.05 0.08 0.02 0.004 12.08
BCkb 375-400 Nd12 21.17 2.78 0.69 0.15 2.15 72.51 0.37 0.06 0.12 0.01 0.005 11.06

160-190 Nd13 21.59 2.52 0.86 0.06 2.34 72.24 0.09 0.15 0.13 0.02 0.033 32.93

BCkkb 190-220 Nd14 17.54 1.84 0.62 0.03 2.14 77.53 0.08 0.10 0.10 0.02 0.008 28.17

220-260 Nd15 21.66 3.22 1.04 0.07 2.54 70.96 0.18 0.16 0.15 0.02 0.001 25.57
>c04 260-300 Nd16 19.83 2.53 0.78 0.03 2.25 74.13 0.17 0.14 0.13 0.01 0.001 23.24
BCkb 300-330 Nd17 16.38 2.24 0.61 0.05 231 78.02 0.15 0.13 0.11 0.01 0.024 22.50

330-400+ Nd18 18.29 3.05 0.90 0.02 2.62 74.58 0.23 0.15 0.16 0.02 0.023 21.45

A comprehensive description of the distribution of major elements within the four sections is
provided by Dina Ebouel et al. (n.d). In brief, Si is the dominant element along the studied sections
with concentrations ranging from 61.00 to 88.00%. Aluminium and Fe also showed relatively high
concentrations ranging from 4.70 to14.00%, and from 3.60 to 10.00%, respectively. The
concentration of Ca, on the other hand, shows a very contrasting pattern, with relatively high
concentrations (5.20 to 17.30%) observed in horizons with a high CaCO3 content, while the other

horizons generally have concentrations below 5%. Magnesium also shows a contrasting pattern,
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with concentrations ranging from 0.50 to 3.60%. Sodium, K and Ti are generally present in minor
proportions, while Mn and P are generally found in trace concentrations.

Calcium is the dominant elements in almost all the carbonate features, mostly above 50%. The
maximum is observed in Nd11 (88.08%). The minimum observed in sample Ps (35.00%)
represents an exception, where Si is the dominant element (49.32%). Aside this exception, Si is
the second most abundant elements, with a content ranging from 13.34 and 49.32%. Magnesium
in carbonate features exhibits contrasting behaviour, with concentrations above 10% observed in
Nd02 and Nd03 (SCO01), while concentrations between 5% and less than 10% are observed in NdO1
(SCO01), Nd04 and NdO5 (SCO02). The other carbonate features show relatively low values, although
they remain s between 1.93 and 3.64%. Aluminium and Fe also show a contrasted pattern, most
important values are observed in the features of SCO1, respectively 5.75% in NdO1 for Al and
3.14% in Ps for Fe. The lowest value of Al (1.77%) is observed in Nd11 (SC03), while the lowest
value of Fe (0.62%) is observed in Nd05 (SC02). Sodium, K and Ti are mostly in minor proportion,

while Mn and P are globally in trace proportion in all the carbonate features.
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Fig. 6.7. Projection of samples in the ternary diagram: Mafic-Felsic-RW (Cho and Ohta, 2022)

As expected, the two basaltic materials appear near the mafic pole in the tertiary diagram Mafic-
Felsic-RW (Fig. 6.7). Amygdaloidal basalt is tightly related to the fresh mafic rock pole, while
dolerite sample reflect a low weathered mafic rock. Mudstone sample is plotted as a low weathered
felsic material, while sandstone sample is plotted as a seriously weathered felsic material. All
carbonate features are plotted as low weathered mafic samples. They are all represented very close

to dolerite in the diagram, with some samples even above the point representing dolerite.
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6.5. Discussion

6.5.1. Indices of the mafic lithology contribution to Ca furniture in carbonate features
Mineralogical analysis of the main lithology observed in the area identified the two basaltic rocks
as potential sources of calcium, whereas the mudstone and sandstone were found to lack significant
calcium-bearing minerals. Minerals such as labradorite [(Na,Ca)(Al,S1)4Os], representing 43% of
the dolerite and 48% of the amygdaloidal basalt; augite [(Ca, Na)(Mg, Fe, Al)(Si, Al)>Os], with
respective contributions of 34% and 22% in dolerite and amygdaloidal basalt; and heulandite
[CaAlSi7018.6H20], 12% constituting of the amygdaloidal basalt are all potentials providers of
calcium through weathering. If the soil and the palaeosol of the sections mostly derived from the
weathering of fluvio-colluvial sediments, as evidenced by the dominance of the sand fraction (Dina
Ebouel et al., n.d.). The reworked fragments of these mafic materials might have a significant
contribution in calcium furniture necessary to pedogenic carbonates formations in these
pedosedimentary section.

The direct contribution of the local mafic lithology is petrographically confirmed by the presence
of lithorelicts and alteromorphs of basaltic origin within the carbonate groundmass of the
pseudomycelia (Ps) and transitional nodules (NdO1). Petrographic analysis (Fig. 6.6A and B)
reveals that labradorite and augite grains frequently exhibit pellicular and irregular linear
weathering patterns (Stoops et al., 2018), indicating that the dissolution of the silicate framework
was coupled with the localised precipitation of circum-granular sparitic rims. This porphyric c/f-
related distribution demonstrates that the carbonate features developed by encompassing the pre-
existing mafic skeleton, trapping minerals in various stages of chemical degradation.

The mineralogical suite identified via XRD further reinforces this lithogenic link. The presence of

smectite and secondary iron/manganese oxides within the carbonate features provides a diagnostic
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chemical fingerprint of basaltic weathering. Within the micromorphological fabric, these oxides
manifest as orthic nodules and impregnative pedofeatures, such as ferruginous hypo-coatings,
which represent the immobile residual fraction of the primary ferromagnesian minerals (e.g.,
augite). Similarly, the identification of smectite (a typical byproduct of the hydrolysis of Ca-
plagioclase and pyroxenes in semi-arid environments) marks the aluminosilicate residue of the
same weathering process that liberated the calcium for carbonatisation.

A stark contrast is observed in the more mature nodules (Nd03—Nd14). In these features, the easily
alterable basaltic minerals have been largely consumed by weathering, leaving a groundmass
dominated by a calcitic-crystallitic b-fabric (up to 74% calcite). The only remaining coarse fraction
consists of allochthonous quartz grains, which act as inherited resistant relicts. Unlike the mafic
minerals, these quartz grains display plane contacts with the micritic matrix and frequently exhibit
wavy extinction, typical of transport-derived material from distal felsic or sedimentary sources.
Furthermore, the presence of orthic iron and manganese nodules and impregnative pedofeatures
(such as ferruginous hypo-coatings) within the mature carbonate matrix provides a "chemical
fingerprint" of the vanished mafic minerals. These oxides represent the immobile residual fraction
of the basalt weathering process. This mineralogical divergence (where the unstable mafic phases
are progressively replaced by a carbonate-oxide-clay assemblage while the stable quartz remains
physically unchanged) verifies that the chemical supply for carbonatisation is mineralogically tied
to the local dissolution of the basaltic precursor.

This interpreted lineage is further validated by the projection of the carbonate features on the
Mafic-Felsic-RW ternary diagram (Fig. 6.8). The samples cluster significantly towards the Mafic
apex, aligning with the chemical signature of the local dolerites and amygdaloidal basalts. Their

position on the diagram indicates that these pedogenic features are the direct result of the chemical
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weathering of mafic source materials, with only a minor felsic contribution. Furthermore, when
considering the trajectories of basalt weathering in the MFW (Mafic-Felsic-Weathering) diagram
as described by Ohta and Arai (2007), the position occupied by the carbonate features aligns
directly with the established basalt weathering pathway. The low degree of chemical weathering
observed is consistent with the findings of Dina Ebouel et al. (2026), who demonstrated the
predominance of semi-arid conditions throughout the landscape's evolution. Under such arid to
semi-arid regimes, water—rock interaction is typically limited, a fact further supported by the
preservation of highly susceptible minerals like labradorite and augite within the carbonate
features. However, while the regional climate remained predominantly dry, local river dynamics
appear to have played a critical role in facilitating ongoing weathering and the mobilisation of
elements. Moreover, labradorite is highly susceptible to chemical weathering due to its calcium-
rich composition and its thermodynamic instability under near-surface conditions (Goldich, 1938),
reflecting its tendency to weather rapidly through hydrolysis and calcium leaching (White, 1995).
Consequently, its preservation within carbonate features indicates limited water—rock interaction
and short weathering durations, thereby supporting the inference of a low degree of chemical
weathering. Furthermore, previous work in the sector all highlights the low degree of chemical
weathering and the significant contribution of basaltic source materials to the development of soil
(Dina Ebouel et al., 2025a; Eze et al., 2025).

Nevertheless, this conclusion must be considered with great caution, as all processes take place in
an open system where contributions from multiple sources often take precedence over those from
a single source (Dietrich et al., 2021). In semi-arid and arid environments, where aeolian transport
of particles is considerable, it has been demonstrated that acolian deposits can constitute a primary

source for calcium ions trapped in pedogenic carbonates (Capo and Chadwick, 1999; Van Der
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Hoven and Quade, 2002). In addition, Ca appears to be the third most important element after
silica and nitrogen in the composition of the ambient air in Serowe, with an average concentration
of 1158 ng/m> (Moloi et al., 2002).

Thus, aeolian deposits may have also provided the calcium ions to the pedogenic carbonates.
However, such a contribution would be minimal, as the aeolian sediments in the Kalahari Basin,
resulting from transport over very long distances and highly reworked material, are characterised
by low alkali and alkaline earth element content (Garzanti et al., 2022). Besides, instead of a single
contribution from amygdaloidal basalt, both types of basalt and even the carbonate identified in
sandstones and mudstones (Carney, 1994; Franchi et al., 2021) could all have contributed to
supplying calcium ions. This is consistent with a cascade model of calcium ions furniture as
suggested by Dietrich et al. (2021) in the northern Cameroon.

Thus, while amygdaloidal basalt might be an important source of calcium ions of the carbonate
features observed in the four describe sections, the contribution of other sources should not be

overlooked in the overall assessment of inputs.

6.5.2. Calcium transfer and mobilisation pathways

Understanding pathways of Ca transfer from the bedrock to the soil profile and its subsequent
mobilisation in carbonate features is critical to have an overview of the processes involved. In this
case, given the location of the sections on the riverbanks, the dynamics of the river flow could
have contributed significantly to the transfer of Ca ions from the basalt to the soil profile. The
stratigraphic descriptions by Dina Ebouel et al. (n.d.) revealed a significant presence of basaltic
rock fragments undergoing active weathering within the pedosedimentary sections (Fig. 6.3).
While these sections did not develop directly in-sifu on the basaltic basement, the mechanical

disintegration of local basaltic units provides a continuous supply of fragments. Transported by
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runoff and seasonal streamflow, these fragments are incorporated into the fluvial sediments as
lithorelicts, serving as the primary source material for subsequent soil development. This pattern
is common in soils formed in fluvial environments, where the mobilisation of surrounding rock
fragments contributes significantly to soil development (Zadorova et al., 2025). This transfer
model is also supported by the presence of labradorite relics, as highlighted by the mineralogy of
all carbonate features considered in this study. However, as shown by Stadler et al. (2010), the
superficial water chemistry, characterised with Ca—HCO3 to Ca—Mg—HCOs3 chemical facies,
highlights transport through solution. The chemical weathering of the lithological substrate, caused
by the hydrolysis of Ca plagioclase (labradorite), zeolites and ferromagnesian minerals such as
pyroxene and olivine, under the effect of meteoric water infiltration, mobilises dissolved cations
(Ca*" and Mg*"). These are then transported to the drainage network via interstitial flows and
groundwater discharges. This mechanism represents a significant source of Ca ions for soils in arid
and semi-arid environments. Under these conditions, the hypersaturation of soil solutions caused
by intense evapotranspiration triggers the precipitation of pedogenic carbonates in the soil profile
during prolonged periods of drought (Monger et al., 2015).

Consequently, two distinct pathways contribute to the mobilisation of Ca?* within the soil profile:
(1) the autochthonous pathway, resulting from the in-situ chemical weathering of lithorelicts
(reworked basaltic fragments), and (ii) the allochthonous or translocated pathway, where ions are
supplied by the soil solution flux via vertical infiltration or lateral groundwater discharge.

Three main morphologies of carbonate accumulations predominate in studied profiles: diffuse
powders, pseudomycelia and nodules. According to the morphogenetic classification of Gile
(1993), the predominance of one of these types over the others is a direct indicator of the stage of

evolution of the carbonate accumulation. Horizons characterised by the predominance of
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pseudomycelia and diffuse powders (e.g., AB3b of SC03) indicate that carbonate is deposited in
the porosity without altering the structure of the horizon. This is the initial stage of carbonate
accumulation (Stage I). According to (Zamanian et al., 2016), pseudomycelia crystallisation is
triggered by physical degassing occurring when percolating water passes from macropores to
micropores. This transition causes a sudden drop in CO; pressure, which reduces the solubility of
bicarbonates and leads to the immediate precipitation of carbonate in macro and medium pores.
They are very often associated with fluctuations in the water table (Durand et al., 2010). This
explains why they are observed in the basal layers of the sections. Calcium ions are probably
mobilised by upward capillary flow and evapotranspiration, processes that intensify with
aridification, moving Ca to the upper horizons (Bkb and AB1b). However, the presence of
pseudomycelia represents localised enrichment relative to the host matrix. This indicates in-situ
accumulation, albeit on an incipient or minor scale that has not yet compensated for the overall
geochemical deficit of the horizon.

Petrographic evidence for this incipient stage is provided by the micritic coatings and infillings
found within the vughy and channel porosity of the basal layers. Unlike the massive nodules, these
pseudomycelia exhibit an enaulic to hemi-porphyric c/f-related distribution, where the carbonate
crystals are concentrated along the walls of conducting pores rather than throughout the entire
micromass (Durand et al., 2018). This specific arrangement suggests that the Ca?*-rich solutions,
driven by capillary rise, precipitated rapidly as they encountered the drier, more aerated
environment of the upper matrix (Zamanian et al., 2016). The preservation of primary mineral
relics with only thin circum-granular ferruginous hypo-coatings within these features further
confirms that the accumulation is in its initial phase; the carbonate has yet to exert enough

expansive crystallisation pressure to displace the original soil fabric or fully mask the optical
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expression of the interstitial clay minerals. Consequently, the pseudomycelia serve as a visual
record of the transition point where dissolved ions begin to fix into the solid phase, marking the
onset of the carbonatisation process within a still-depleted matrix.

Many horizons with high CaCOs3 content (Bkb in SCO1, BCk1b and BCk2b in SC02, SC03 and
SC04) are characterised by predominance of nodules, corresponding to stage II of the
morphogenetic classification of Gile (1993). According to Durand et al. (2018), the formation of
carbonate nodules results from a gradual, polyphasic pedogenic process dominated by repeated
cycles of CaCOs dissolution and precipitation. During relatively humid phases, CaCOj3 is partially
dissolved and mobilised in soil solutions. During dry periods, or when the partial pressure of
carbon dioxide decreases, the solutions become supersaturated with Ca ions and carbonate
precipitates locally, initiating or feeding the growth of nodules. This description is consistent with
the fact that horizons containing nodules appear in buried soils. They therefore, correspond to a
gradual, polyphasic accumulation (Zamanian et al., 2016). Based on the position of AB1b and Bkb
in SCO1, it is suggested that upward movement during dry period are also contributing to
accumulation of carbonate in the concerned horizons.

Thus, Ca is supplied to the soil profile through the mechanical incorporation of basaltic fragments
and the chemical hydrolysis of basalt fragments Ca-bearing minerals, which are transported and
concentrated by the dynamics of the river and its fluctuating water table. These ions are then
mobilised via an autochthonous pathway from in-sifu weathering and an allochthonous pathway
driven by seasonal streamflow, vertical infiltration, or upward capillary rise during aridification.
Initial stage I features, such as pseudomycelia, form through CO> degassing in the basal layers

influenced by the river’s proximity, indicating minor accumulation within a net-depleted matrix.
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In contrast, stage Il nodules represent advanced, polyphasic accumulation resulting from repeated
cycles of wetting by the river and subsequent drying.

The natural contribution of local basaltic formations to the calcium supply for carbonate features
provides a robust scientific basis for implementing CDR solutions within local agricultural
development, specifically through ERW (Taksavasu, 2025). Furthermore, as highlighted by Eze
et al. (2025), the weathering of these basalts (which play a fundamental role in the formation of
regional Vertisols) does not pose a pollution risk via the release or accumulation of toxic trace

elements.

6.6. Conclusions

This study demonstrates a significant contribution of the weathering basaltic rock in the furniture
of Ca ions necessary for the pedogenic carbonates developed in the pedosedimentary sequences of
Central Botswana. Particularly amygdaloidal basalt rich in labradorite, augite and zeolites. The
integration of mineralogical, petrographic, and geochemical data consistently shows that felsic
detrital rocks (sandstones and mudstones) play a negligible role in calcium supply, despite their
regional abundance. The Mafic—Felsic-RW diagram, provide arguments in favour of a
predominantly mafic origin of Ca, even in an open pedological system subject to sedimentary and
aeolian inputs. The results also highlight complex mechanisms of Ca transfer and redistribution
within the profiles. The coexistence of different carbonate morphologies (diffuse powders,
pseudomycelia and nodules) reflects distinct evolutionary stages of pedogenic calcification, from
early accumulations linked to CO; degassing to polyphasic nodules resulting from repeated
dissolution—precipitation cycles. These processes are closely controlled by groundwater
fluctuations, river dynamics and wet-dry climate cycles characteristic of semi-arid environments.

However, certain limitations must be highlighted. The absence of isotopic data (Sr, Ca) makes it
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impossible to accurately quantify the relative contribution of different potential sources of calcium,
particularly wind-borne inputs or possible regional carbonate sources. Furthermore, the absence
of apparent density data limits the estimation of absolute flows of Ca and sequestered carbon.
Finally, the spatial variability of sedimentary and hydrological inputs along the studied
watercourse introduces a heterogeneity that cannot be fully captured by four sections. Despite
these limitations, this study represents a major methodological advance for regions where access
to isotopic analyses is limited. It demonstrates that a multi-proxy approach based on mineralogy,
petrography and elemental geochemistry can effectively constrain the origin of calcium and the
processes of pedogenic carbonate formation. At the regional scale, these results reinforce the idea
that basaltic substrates play a key role in the formation of inorganic soil carbon in semi-arid
southern Africa. On a global scale, our results highlight the potential of semi-arid basaltic
environments as Ca source and by inference, a long-term carbon sinks through the formation of
pedogenic carbonates, with important implications for understanding the carbon cycle and
developing CO; sequestration strategies based on silicate weathering. It also highlights possible

implementation of ERW with local lithology.
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Appendices

Appendix 6.1. Quality control.

. . Fe20s -
Quality Check Na:0 MgOo ALOs SiO2 P20s K20 Ca0 TiO2 MnO tot sr
% w % w % w % w % w % w % w % w % w % w mg/kg
AGV-1 09/09/202510:49 | 4.25 1.52 17.1 59.1 0.50 2.90 4.91 1.04 | 0.097 7.0 662
Nominal Value 4.25 1.51 17.1 59.4 0.49 2.94 4.89 1.05 | 0.097 6.8 662
Accuracy [%] 100.0 | 100.6 | 99.8 99.6 | 102.0 | 98.9 | 100.3 | 99.0 | 100.4 103.5 100.0
AGV-1 11/09/202509:47 | 4.24 1.54 17.1 59.1 0.50 2.9 4.87 1.0 0.095 7.0 659
Nominal Value 4.25 1.51 17.1 59.4 0.49 2.94 4.89 1.05 | 0.097 6.8 662
Accuracy [%] 99.7 | 102.1 | 99.9 99.5 | 1014 | 99.0 99.6 99.5 98.3 103.2 99.6
AGV-1 12/09/202514:04 | 4.27 1.53 17.1 59.2 0.50 2.9 4.90 1.0 0.096 7.0 655
Nominal Value 4.25 1.51 17.1 59.4 0.49 2.94 4.89 1.05 | 0.097 6.8 662
Accuracy [%] 100.4 | 101.5 | 99.9 99.7 | 1016 | 99.1 | 100.2 | 99.2 99.4 103.4 98.9
GXR-2 09/09/2025 11:05 | 0.65 1.21 32 38.4 0.12 1.3 1.0 0.41 0.10 2.3 160
Nominal Value 0.75 141 31.1 47.5 0.24 1.65 1.30 0.5 0.130 2.7 160
Accuracy [%] 86.5 85.6 | 102.3 | 80.8 50.4 79.6 77.8 82.4 79.2 87.1 100.1
GXR-2 12/09/202514:20 | 0.65 1.24 32 38.3 0.12 1.3 1.0 0.41 0.10 2.3 160
Nominal Value 0.75 141 31.1 47.5 0.24 1.65 1.30 0.5 0.130 2.7 160
Accuracy [%] 86.7 87.8 | 102.9 | 80.6 50.0 79.4 77.8 82.6 80.0 86.8 99.8
GXR-5 09/09/202511:20 | 0.92 1.78 38 36.5 0.07 0.93 1.0 0.36 | 0.034 4.5 109
Nominal Value 1.05 1.97 38.2 41.4 0.07 1.06 1.17 0.37 | 0.040 4.8 110
Accuracy [%] 87.9 90.3 | 100.1 | 88.2 | 100.0 | 88.0 87.5 95.9 85.0 93.3 98.8
GXR-5 12/09/202514:35 | 0.94 1.78 39 36.9 | 0.071 | 0.93 1.0 0.36 | 0.034 4.5 108
Nominal Value 1.05 1.97 38.2 41.4 | 0.070 | 1.06 1.17 0.37 | 0.040 4.8 110
Accuracy [%] 89.3 90.3 | 100.8 | 89.3 | 101.4 | 88.1 87.9 96.5 85.0 93.8 98.4
Soil 7 09/09/202511:35 | 0.36 1.98 9.3 38.8 0.13 1.6 25 0.57 | 0.092 3.9 332
Nominal Value - 1.97 10.0 37.9 0.13 - - - 0.080 4.8 330
Accuracy [%] - 100.7 | 92.5 | 102.3 | 100.0 - - - 115.0 79.7 100.8
Soil 7 12/09/2025 14:50 | 0.38 2.00 9.3 38.6 | 0.128 1.5 25 0.57 | 0.091 3.8 331
Nominal Value - 1.97 10.0 37.9 | 0.130 - - - 0.080 4.8 330
Accuracy [%] - 101.6 | 92.3 | 1019 | 985 - - - 113.8 79.3 100.3
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Appendix 6.2. Major oxides in weight percent

sample Si02 AlO3 Fe203 MnO MgO CaO  Na:0 K20 TiO: P20s Lol
wt.%

B 49 12 16 0.20 4.9 9.2 2.2 0.71 4.1 0.39 0.64
AB 46 15 10.7 0.16 5.8 8.5 3.8 0.17 0.91 0.15 7.68
s1 95 23 035 0.009 0.15 0.11 0.025 11 0.079 0.012 1.15
S2 59 21 3.8 0.075 1.2 0.356 4.6 3.68 1.2 0.082  3.32
Ndo1 29 3.6 2.5 0.054 45 29 0.32 0.32 0.25 0.018 293
Nd02 16 2.0 1.0 0.085 4.8 38 0.16 0.14 0.15 0.010 36.24
Nd03 19 2.3 1.1 0.073 7.8 32 0.13 0.13 0.17 0.009 35.35
Ndo4 19 2.7 1.4 0.062 2.8 37 0.19 0.14 0.19 0.010 34.35
Ps 38 4.4 3.2 0.031 1.9 25 0.44 0.39 0.41 0.020 24.59
NdO05 11 1.3 0.53 0.009 3.0 43 0.051 0.048 0.095 0.007 38.46
Ndo06 14 1.9 0.88 0.12 1.6 43 0.11 0.043 0.13 0.014 36.38
Ndo07 14 1.7 0.79 0.17 1.4 43 0.091 0.07 0.12 0.017 36.41
Nd08 8 0.99 0.50 0.072 0.8 48 0.056 0.035 0.091 0.009 37.57
Nd09 11 1.2 0.51 0039 1.0 46 0.08 0.039 0.086 0.012 36.11
Nd10 10 1.4 0.60 0.034 1.0 48 0.079 0.058 0.097 0.013 34.2
Nd11 9 0.95 036 0.039 0.8 48 0.066 0.026 0.069 0.011 34.22
Nd12 14 1.6 0.60 0.12 0.95 45 0.12 0.031 0.11 0.011 34.67
Nd13 14 1.4 0.75 0.046 1.0 44 0.031 0.079 0.11 0.013 36.73
Nd14 11 1.0 0.53 0.026 0.9 46 0.025 0.049 0.084 0.011 37.77
Nd15 14 1.8 091 0051 1.1 43 0.061 0.082 0.13 0.012 36.45
Nd16 13 1.4 0.67 0.023 1.0 45 0.057 0.071 0.11 0.010 36.79
Nd17 11 1.2 0.52 0.038 1.0 47 0.049 0.066 0.095 0.008 37.29
Nd18 12 1.7 0.77 0.012 1.1 45 0.075 0.076 0.14 0.012 37.04

B1=Dolerite; AB1=Amygdaloidal Basalt; S1=Sandstone; S2=Mudstone
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CHAPTER SEVEN

Decoupling climate and local hydrology in Central Botswana: New insights from carbonate

013C, 6'30 isotopes, and elemental geochemistry®

Abstract

Pedogenic carbonates provide valuable archives of past environmental conditions through their
elemental and isotopic compositions. This study integrates stable carbon (5'*C) and oxygen (5'%0)
isotopes, obtained from carbonate features alongside manganese (Mn) and iron (Fe) concentrations
in carbonate features and soil horizons across four pedosedimentary sections (SCO01-SC04), to
reconstruct vegetation dynamics, climatic stability, and local hydrological variability. Elemental
concentrations of Mn and Fe are reported in molar percent (mol%). Soil profiles exhibit low Mn
content (0.04—0.11%), in contrast to higher Fe concentrations (2.68—7.47%). Carbonate features
are systematically depleted in Fe relative to their host matrices (0.42—-3.13%), while Mn is
selectively enriched in several nodules, reaching up to 0.22% (Nd07, SC02). Stable isotope data
reveal tightly clustered values within each section. 8'*C values range from -3.17 to -0.24%o for
nodules, which is consistent with a C3-C4 mixed savannah ecosystem. However, deep-seated
pseudomycelia exhibit a distinct §'°C signature of -6.85%o, interpreted as a biogenic signal from
C3 shrub roots in a closed, riparian sub-surface environment rather than a vegetation shift. §'%0
values display a narrow range of -5.52 to -3.39%o across all sections, indicating limited variability

in meteoric water composition and evaporative conditions. High Mn/Fe ratios correlate with

® This chapter is based on a research article co-authored with Thierry Bineli Betsi, Elisabeth Eiche, Stefan
Norra, and Peter N. Eze; published in Frontiers in Environmental Science. 14:1821521.

https.://doi.org/10.3389/fenvs.2026.1821521
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depleted 8'*0 values (< -5%o), marking periods of increased freshwater input and seasonal
waterlogging. Crucially, the decoupling of redox signals in some nodules, characterised by a
combined high Mn/Fe ratio with §'®0 enrichment, highlights the occurrence of episodic fluvial
pulses and overbank flooding superimposed on a generally semi-arid background. These findings
demonstrate that while the regional macro-climate remained stable, local hydrology was highly
dynamic, driven by high-frequency fluctuations in river-water influence.

Keywords: Fluvial influence; palaeosols; redox processes; semi-arid environments; soil

geochemistry; Southern Africa
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7.1. Introduction

Pedogenic carbonate serves as a vital natural pathway for carbon sequestration in arid and semi-
arid environments, while also acting as a proxy for past climatic and environmental change
(Naorem et al., 2022; Dina Ebouel et al., 2024). These carbonates typically form either through
the dissolution and recrystallisation of precursor lithogenic or biogenic minerals such as dolomite
or calcite or through the weathering of silicate minerals (Monger et al., 2015). Both processes play
a critical role in the global carbon cycle by facilitating carbon dioxide (CO2) sequestration through
fluvial and marine systems, as well as terrestrial carbon storage within the soil profiles of dryland
ecosystems (Lal et al., 2021). While these carbonates are recognised as active pathways for CO»
sequestration that can be enhanced or degraded by current land use (Raheb et al., 2016; Bughio et
al.,2017; An et al., 2019; Liu et al., 2022), they are also frequently identified as the result of long-
term accumulation over geological timescales, particularly within palaeosols (Monger, 2014).
Consequently, they serve as accurate proxies for palaeoenvironmental and palaeoclimatic
reconstruction (Fox et al., 2012; Khormali et al., 2020; Valera-Fernandez et al., 2020; Breecker et
al., 2025).

The established methodological framework for wusing pedogenic carbonate as a
palaeoenvironmental proxy relies on the origin of the carbon trapped within the mineral lattice,
which is primarily derived from root respiration and organic matter decomposition (Zamanian et
al., 2016). Consequently, analysing the stable carbon isotope ratios (§'3C) within these carbonates
makes it possible to infer the dominant vegetation type (C4 vs. C3 plants) prevailing during their
formation (Railsback, 2021; Kirkels et al., 2022). However, the §'*C signal may also be influenced
by the dissolved inorganic carbon (DIC) from which carbonates precipitate, including potential

contributions from lithogenic carbonate dissolution (Monger et al., 2015; Park et al., 2026). In
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addition, kinetic fractionation during rapid precipitation and post-depositional diagenetic
processes may lead to deviations from equilibrium conditions, thereby modifying the primary 8'*C
signature (Stoll et al., 2023). As a result, while broad ecological interpretations (e.g., C3 vs C4
dominance) remain robust, more detailed quantitative reconstructions should be treated with
caution (Breecker et al., 2025).

Palaeoclimatic reconstruction is supported by the relationship established between the meteoric
water, from which the oxygen present in pedogenic carbonate was derived and the resulting
isotopic signature (Cerling, 1984). Thus, the stable isotopic ratio of oxygen in pedogenic carbonate
is mainly controlled by the climatic conditions prevailing during mineral precipitation. This is
because the fractionation of oxygen isotopes (!%0/!%0) during carbonate precipitation is
temperature-dependent, effectively recording the climatic conditions at the time of their formation
(Hoefs, 2015). Although seasonal variations and the multiple dissolution-reprecipitation cycles
inherent in the development of pedogenic carbonates are often cited as limitations to
palaeoenvironmental and palaeoclimatic reconstructions based on stable isotopes (Breecker et al.,
2009; Stevenson et al., 2010; Dominguez-Villar et al., 2022), the approach remains demonstrably
effective. These processes, while complex, do not negate the capacity of the carbonates to record
significant environmental signals, particularly when interpreted within their specific
pedosedimentary context (Yang et al., 2012; Zhang et al., 2021; Mohammednoor et al., 2025).

In pedosedimentary environments where active pedogenesis is interrupted by allochthonous
deposits, it is often difficult to determine whether these interruptions signify a sustained transition
to a humid climate or whether they simply represent isolated large-scale flooding events. However,
as established by Sipos et al. (2025), pedogenic carbonates in hydromorphic or fluctuating

environments are dynamic archives rather than static minerals. They exist in complex

298



“paragenetic” relationships with other redox-sensitive phases. Mn and Fe in pedogenic carbonates
often occur as secondary phases (e.g., oxyhydroxides), and therefore reflect redox dynamics within
the soil system rather than strictly syn-depositional conditions. Manganese is reduced and
mobilised more rapidly than iron under conditions of increasing anoxia (Otero et al., 2009).
Consequently, the relative abundance of these elements in the pedogenic carbonate reflects the
specific duration and intensity of the wetting event, allowing transient pulses to be distinguished
from prolonged waterlogging.

Pedogenic carbonates play a central role in shaping the pedological landscape of Botswana (Eze,
2022; Dina Ebouel et al., 2025b, 2025a). Recently, pedosedimentary sections characterised by
significant accumulations of carbonate features have been described along an ephemeral
watercourse in the Central District (Dina Ebouel et al. 2026a, under review). The result
demonstrated a pedogenic origin of the carbonate features, in theses sections. Furthermore,
mineralogical characterisation identified calcite as the predominant phase. The calcium trapped in
these pedogenic carbonates comes mainly from the basaltic bedrock (Dina Ebouel et al., 2026b,
under review). However, the high-resolution environmental conditions, particularly the specific
vegetative cover and the transient redox dynamics that governed carbonate precipitation, remain
poorly constrained. This study aims to reconstruct these palacoenvironmental conditions,
including palaeohydrological fluctuations and redox potentials, by combining stable isotope (§'*C

and 5'%0) analyses with the Mn/Fe ratio as a novel redox proxy.

7.2. Materials and methods

7.2.1. Study site and sampling strategy
As mentioned above, the study site has already been the subject of other research, particularly with

the aim of understanding the formation of the landscape and tracing the origin and processes of
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calcium ion mobilisation by carbonates (Dina Ebouel et al. 2026a, 2026b, under review). It is in
the Central District of Botswana, between 22.34° and 22.42° south latitude and between 26.67°
and 26.76° east longitude.

The general environmental setting highlights a relict landscape composed of gently sloping plains
interspersed with isolated ravines subject to active erosion, characteristic of the Eastern Hardveld
geomorphological unit of Botswana (Atlhopheng et al., 2022). The geological substrate is mainly
dominated by the Late Carboniferous to Early Jurassic Karoo Supergroup formations, covered in
places by Cenozoic Kalahari Group sands (Smith, 1984). According to the lithostratigraphic
description of Franchi et al. (2021), the Lower Karoo Supergroup (comprising the Ecca and
Beaufort groups) is characterised by a basal sequence of conglomerates and breccias that fines
upward into coal-rich mudrocks with organic shales, followed by poorly lithified, grey-to-purple
claystones (Beaufort Group). Field observations at the study site reveal a complex stratigraphy
where three primary lithologies belonging to the Upper Karoo Supergroup are interbedded. These
include alternating mudstones and sandstones from the Lebung Group and basaltic deposits from
the Stormberg Lava Group. The Kalahari Group consists of loose aeolian sand containing buried
palaeosols rich in carbonate nodules (Franchi et al., 2021).

The local climate is hot and semi-arid (corresponding to BSh type, Koppen—Geiger classification),
characterised by long dry periods and a short rainy season from November to March. Rainfall data
analysed by Kenabatho (2025) over a 60-year period indicate a mean annual precipitation of
approximately 431 mm. However, rainfall is marked by strong interannual variability, with
frequent droughts and episodic flooding (Nkemelang et al., 2018; Akinyemi, 2021). The winter

season (May to September) is dry and sunny. Daytime temperatures remain warm, whereas nights
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and early mornings can be cold, with temperatures occasionally reaching 0 °C. Maximum
temperatures occur during the summer months and may exceed 45 °C (Batisani and Yarnal, 2010).
Vegetation corresponds to a bush savannah ecosystem, dominated by woody species such as
Acacia, Terminalia, and Boscia, with a diverse herbaceous layer of perennial grasses (Ringrose et
al., 1998). This vegetation assemblage reflects a mixed C3—C4 system (Mantlana et al., 2008) , in
which woody plants are predominantly C3 photosynthetic, whereas the grass layer is largely
composed of C4 species (Ellery et al., 1992) . Such a vegetation structure is characteristic of semi-
arid regions of Botswana (Ellery et al., 1992; Mantlana et al., 2008).

Four pedosedimentary sections were selected along an ephemeral river locally known as
Metsimasweu (Fig. 7.1). These sections were selected for their representativity of the local
landscape marked by prominent carbonates features in soil. Full description of the sections is given
by Dina Ebouel et al. (2026a, under review). In general, all these sections reflect an alternation
between periods of stability, favouring pedogenesis, and periods of instability characterised by
fluvial sedimentary deposits resulting from river flooding during wet periods. Thus, the
stratigraphy reveals ancient soils (palacosol) mostly palaeo-Calcisols buried under fluvial
sediments, which are themselves covered by poorly developed modern soils, mainly Arenosols or
Cambisols. Chemical weathering is generally low, characterised by a low clayeyness and robust
chemical weathering index (RW). However, the grain size distribution revealed finer particles
towards the downstream sections (SC03 and SC04), reflecting local translocation. The sedimentary
layers also show a dominance of angular to sub-angular quartz grains and the presence of opaque
fragments, characteristic of accessory minerals in basaltic rocks. This reflects the dominance of
local contribution also supported by the presence of basalt and sandstone fragments in soil

horizons. The main carbonate features observed are nodules and diffuse powders. Nevertheless,
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some horizons at the bottom of the sections, generally in contact with or adjacent to the
watercourse, often show accumulations in the form of pseudomycelia.

Section (SCO1) stands out as the most significant profile in the study. Nodules are present
throughout this section, occurring in both the modern soil (NdO1 in the Bk2 horizon; 6.35 wt.%
CaCO03) and the buried palaeosols. In the latter, CaCOs3 equivalents increase significantly, ranging
from 9.39 wt.% in the AB1b horizon (Nd02) to a peak of 24.61 wt.% in the Bkkb horizons (Nd03,
Nd04). Additionally, the base of SCO1 is characterised by pseudomycelia (Ps) with a lower
carbonate content of 2.18 wt.%. In contrast, carbonate features in the modern soils of SC02, SC03
and SC04 are poorly developed, appearing only in powder form with CaCOj; contents generally
below 5 wt.%. Identifiable features are much more prominent in the buried palacosols of these
sections. Specifically, the BCkkb and BCkb horizons across SC02, SC03, and SC04 show a
consistent abundance of nodules. The BCkkb horizons consistently exhibit higher concentrations,
ranging from 14.24 wt.% in SC02 to 21.09 wt.% in SC04, while the BCkb horizons maintain lower
equivalents, fluctuating between 4.00 wt.% and 6.19 wt.%.

These carbonate features result primarily from pedogenic processes, with calcite serving as the
dominant mineralogical phase. The transition from powdery forms in modern horizons to well-
defined nodules in buried layers suggests varying stages of carbonate development and secondary
mineral precipitation over time.

Dina Ebouel et al. (2026b, under review) demonstrated that local basaltic rocks are the dominant
source of calcium ions for pedogenic carbonates observed in these sections. This supply involves
two distinct pathways: first, the mechanical transport of basaltic fragments which are reworked
into sediments and subsequently incorporated into the soil, where their weathering releases

calcium ions to the soil solution that are mobilised by capillary rise and evaporation during the dry
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season to form pedogenic carbonates. Second, the in-sifu chemical weathering of the parent
material releases calcium ions directly into solution; these ions are then transported by the river
and move from the fluvial system into the soil profiles during dry periods, where they are

eventually fixed as pedogenic carbonates.
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Fig. 7.1. A. localisation of the study area in the map of Botswana; B. 3D topographic model of the
study area, showing the river setting and the four selected sections.

Stratigraphy and locations of carbonate features is presented in Fig. 7.2. Carbonate features
(nodules and pseudomycelia) were selectively sampled from horizons displaying significant
carbonate accumulation for elemental geochemistry, as well as stable carbon and oxygen isotope
analyses. In Section 1 (SCO01), five features were collected: nodules NdO1 (Bk2), Nd02 (AB1b),
and Nd03-Nd04 (Bkkb), alongside pseudomycelia (Ps) from AB3b. Section 2 (SC02) yielded

three nodules, comprising Nd05 (BCkkb) and Nd06-Nd07 (BCkb). Sampling in Section 3 (SC03)
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included five nodules: Nd0O8-Nd11 (BCkkb) and Nd12 (BCkb). Finally, six nodules were
recovered from Section 4 (SC04), consisting of Nd13—Nd15 (BCkkb) and Nd16-Nd18 (BCkb).
Soil samples were also collected in each horizon of the four soil profiles for elemental geochemical

analyses.
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Fig. 7.2. a, d, e, f. Stratigraphy of the four study sections; b. photograph of calcium carbonate
nodules isolated from SC04; and c. photograph of pseudomycelia calcium carbonate accumulation
in SCOI.

7.2.2. Sample preparation

To ensure the analysis targeted the pedogenic carbonate phase specifically, the samples were
cleaned of adhering silicate particles and organic matter. Soil and carbonates samples were then

ground into a fine homogeneous powder, using an agate mortar.
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7.2.3. Iron and manganese elemental analysis

Iron and Mn concentrations, originally reported as oxide weight percentages, were determined for
all samples (soil and carbonate) using a Bruker AXS S4 Explorer wavelength dispersive X-ray
fluorescence spectrometer (WDX), housed at the Laboratory for the Environmental and Raw
Materials Analysis (LERA), Institute of Applied Geosciences, Karlsruhe Institute of Technology
(KIT), Germany. Analyses were conducted on fused beads. Prior to element quantification, the
loss on ignition (LOI) of the pulverised samples was determined by heating them to 950 °C for 3
hours and recording the weight difference before and after heating. Fused beads were prepared by
mixing the ignited sample powder with a 66.5:33.5 ratio of Li-tetraborate and Li-metaborate
(Spectroflux 110, Alfa Aesar) before melting it at 10001100 °C using a fusion instrument. An Rh
X-ray tube (50 keV, 1 kW) was used as the radiation source. Signals were detected using a
proportional flow counter (Ar-CH4 gas) and a scintillation counter. XS-55, LIF2000 and PET were
used as analyser crystals. Four certified reference materials, including AGV-1, GXR-2, GXR-5
and Soil 7, were used to verify the accuracy of the produced data. All the uncertainty obtained
were below the detection limit.

Mn/Fe ratios in pedogenic carbonates were used as an indirect proxy for redox fluctuations within
the soil system, as Sipos et al. (2025) demonstrated that trace Mn and Fe, primarily occurring as
secondary oxyhydroxides, are sensitive to hydrological dynamics and redox cycling. To facilitate
stoichiometric comparison, bulk geochemical data from soil samples, originally reported as oxide
weight percentages (wt.%), were recalculated into elemental molar proportions. For each oxide,
the reported weight percentage was divided by its molecular weight to obtain the corresponding
oxide molar proportion. This value was then multiplied by the cation stoichiometric coefficient of

the oxide (e.g. 2 for Al2O3; 1 for CaO) to derive the unnormalised cation molar proportion. Final
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elemental molar percentages (mol%) were obtained by normalising these values to the total molar
sum of all analysed elements (Rollinson and Pease, 2021). This approach ensures that the
geochemical signal represents the actual chemical activity and redox-driven availability of these
metals in the soil solution at the time of mineral precipitation (Brimhall and Dietrich, 1987,

Chadwick et al., 1990).

7.2.4. Stable isotope analyses

The ratios of stable isotopes of carbon ('*C/!?C) and oxygen ('*0/!°0) in carbonate features were
determined at LERA. The samples were analysed for the stable isotope composition of oxygen
(8'%0) and carbon (8'3C) by isotope-ratio mass spectrometry (IR-MS) using a Delta V Advantage
mass spectrometer (Thermo Fisher Scientific) coupled to an on-line, automated carbonate
preparation system (GasBench II; Thermo Fisher Scientific). In this system, the sample vials sealed
by rubber septa are flushed with He so that the atmosphere inside the vials is free of CO2 and O,
and 103% orthophosphoric acid is added to release CO; from the complete dissolution of the ~ 1
mg carbonate samples over 90 minutes at 72°C. Using He as carrier gas, the sample CO; then
passes a gas-phase chromatograph to separate it from other gases and is injected into the mass
spectrometer for analysis (e.g. Clark and Fritz, 1997), in this case in ten pulses of 100 pL each.
The results obtained from these ten injections are then averaged to yield the final results.
Calibration was conducted using the NBS19 standard material. Precision is determined by the
absolute standard deviation (ASD) of repeated measurements of the Carrara Marble standard
material, with an average accuracy of 0.03 %o for §'*C and of 0.09 %o for 8'80, respectively (n =

150) All results are reported in the d notation [%o] relative to the V-PDB standard (Appendix 7.1).
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7.3. Results

7.3.1. Manganese and iron concentration in the sections

As detailed in Section 7.2.3, elemental concentrations are reported as molar percentages (mol%).
Fig. 7.3 illustrates the vertical variations of Mn and Fe for each study section (numerical values
are presented in Appendix 7.2). Throughout the profiles, Mn occurs primarily as a minor or trace
element, ranging from 0.04% to 0.11%, whereas Fe constitutes a major component, with
concentrations ranging from 2.68% to 7.47%.

In SCO1, the distribution of Mn reveals relative enrichment in horizons Bk1, Bk2, AB1b and Bkkb,
where values generally exceed 0.09%. Regarding Fe, a clear stratigraphic distinction emerges: the
lower horizons (CB1b to AB3b) exhibit notably higher concentrations (5.86—7.47%) than the
upper sequence (Al to Bkkb; 2.74-4.97%).

Sections SC02, SCO3 and SC04 display more variable patterns. In SC02, both elements exhibit
largely uniform profiles, typically remaining below 0.05% for Mn and 4% for Fe. The BCkb
horizon is a notable exception, with higher values of 0.10% Mn and 4.70% Fe. SC03 exhibits a
coupled distribution, with peak values for both Mn and Fe occurring in the AC, C2, and ABb
horizons, while other horizons remain below 0.05% and 5%, respectively. Similarly, in SC04, both
elements follow a twin-peak pattern, with the highest concentrations in the ABb (5.88% for Fe and
0.09% for Mn) and Bt1b (5.23% for Fe and 0.09% for Mn) horizons, while the rest of the profile

shows significant depletion.
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Fig. 7.3. Trend of Mn and Fe in the four study sections (SC01, SC02, SC03 and SC04).
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7.3.2. Manganese and iron concentration in carbonate features

Table 7.1 shows the concentrations of Mn and Fe in the carbonate features. The distribution of
these elements within the carbonate features contrasts with the patterns observed in the bulk soil
profiles. While Fe concentrations are consistently lower than those in the surrounding matrix, Mn
concentrations exhibit selective enrichment in several features.

In SCO1, most features (NdO1, Nd03, Nd04 and Ps) are depleted in Mn relative to their respective
host horizons (Bk2, Bkkb and AB3b). However, Nd02 (0.11%) is an exception, with higher Mn
levels than its host, AB1b (0.09%). More pronounced enrichment is observed in SC02, where
Nd06 (0.16%) and Nd07 (0.22%) significantly exceed the Mn content of their host BCkb (0.09%),
though NdO05 (0.01%) remains depleted compared to BCkb (0.04%).

In SCO03, NdO8 (0.10%) and Nd12 (0.15%) are similarly enriched relative to their hosts BCkkb
(0.06%) and BCkb (0.06%). Nd09 (0.05%), Nd10 (0.04%) and Nd11 (0.05%) in BCkkb follow a
contrasting depletion pattern. In SC04, Nd13 (0.06%) and Nd15 (0.07%) have higher Mn content
than their host BCkkb (0.04%), while Nd14 (0.03%), Nd16 (0.03%), Nd17 (0.05%) and Nd18

(0.02%) have lower concentrations than their surrounding matrices (BCkb; 0.06%).
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Table 7.1. Manganese and iron contents (mol%) in the selected carbonate features

Mn Fe
Section Horizon Depth (cm) Sample
(mol%)

Bk2 120-180 NdO01 0.06 2.49
AB1lb 240-300 Nd02 0.11 1.16
SCo1 BKkb 300-360 NdO03 0.09 1.22
360-420 Nd04 0.08 1.53
AB3b 740-840+ Ps 0.03 3.13
BCkkb 240-360 NdO05 0.01 0.62
SC02 BCKb 500-540 Nd06 0.16 1.01
540-580 NdO7 0.22 0.91
245-285 Nd08 0.10 0.59
285-305 Nd09 0.05 0.61

BCkkb
SCo3 305-345 Nd10 0.04 0.69
345-375 Nd11 0.05 0.42
BCkb 375-400 Nd12 0.15 0.69
160-190 Nd13 0.06 0.86
BCkkb 190-220 Nd14 0.03 0.62
220-260 Nd15 0.07 1.04

SC04

260-300 Nd16 0.03 0.78
BCkb 300-330 Nd17 0.05 0.61
330-400+ Nd18 0.02 0.90

The different trends of the ratio Mn/Fe of the selected carbonate features are presented in Fig. 7.4.
Overall, features from sections SC01 (0.01—0.09) and SC04 (0.02—0.08) exhibit lower ratios
compared to those from SC02 (0.02—0.24) and SC03 (0.06—0.22). Within SCO01, the highest ratio
is observed in nodule Nd02 (0.09), followed by Nd03 (0.07), whereas the pseudomycelia (Ps) yield
the lowest values (0.01). In SC02, the maximum ratio occurs in Nd07 (0.24), with Nd05 (0.02)
representing the minimum for that section. A similar trend is observed in SC03, where Nd12 (0.22)
and NdO8 (0.16) display the highest ratios, while Nd10 (0.06) shows the most significant depletion.
Finally, in SC04, Nd17 (0.08) reaches the highest ratio, contrasting with Nd18 (0.02) at the base

of the section, which records the lowest value.
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7.3.3. Stable isotope of carbon and oxygen in carbonate features

Fig. 7.5 shows the §'°C and 8'%0 values of the carbonate features from the four sections (SC01—
SC04), plotted against depth (numerical value are presented in Appendix 7.1). Across the four
sections, 8'°C and §'*0 values define well-structured datasets characterised by relatively narrow
ranges and clear clustering within each section. For both isotopic systems, most measurements fall
within restricted intervals, with limited dispersion among samples from the same section.
Differences between sections are mainly expressed as shifts in the central value and overall range,
rather than as large internal variability. Where present, contrasts between carbonate features are
expressed as offsets in isotopic values relative to the dominant clusters.

In SCO1, §'3C values of nodules are tightly grouped between -3.17%o and -2.19%o. Though within
the same range, a slight shift is observed when moving from NdO1 (-3.17%o) in modern soil to
Nd02 (-2.63%0) in buried palacosols. Pseudomycelia at the base of the section is displaying a
distinctly lower 8'3C value (-6.85%o), clearly separated from the nodule cluster. The §!%0 values
of the nodules in SCO1 form a consistent group ranging from -4.49%o to -3.39%.. Although
pseudomycelia have a slightly lower value (-4.94%o), this is not far from the range observed in the
nodules.

In SC02, the §'3C values of the nodules fall within a relatively narrow range between -2.40%o and
-0.24%o. However, there is a slight discrepancy between Nd05 (in BCkkb), exhibiting a §'*C value
of -0.24%o, and the nodules in the horizon below (BCkb), Nd06 and Nd07, with §'3C values of -
2.00 and -2.40%o, respectively. No significant differences were observed in the 'O values. They
are clustered between -5.17%o and -4.67%o. In SC03, nodules display compact fields for both stable
isotopes. 8!°C values are concentrated between approximately -2.39%o and -1.08%o. Even though

a slight shift toward more negative values is observed with depth. The §'*0 values form a more
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tightly clustered group, ranging from -5.52%o to -5.39%o, indicating minimal dispersion within the
section.

In SC04, except for a more negative 3'3C observed in Nd18 (-3.00%o), the other nodules have §'*C
values that form a compact group between -1.22%o and -1.70%o. The §'30 is characterised by a

cluster of values ranging from -5.01%o to -4.86%o.
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Fig. 7.5. Stable carbon and oxygen isotopes of carbonate features.
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7.4. Discussion

7.4.1. Vegetation dynamics and stable carbon isotopes in pedogenic carbonates

The relationship between the carbon source of pedogenic carbonates and soil CO> dynamics has
been well established by numerous studies, which show that the carbon incorporated into
pedogenic carbonate features is predominantly derived from soil CO2 produced by plant
respiration (Cerling 1984; Quade et al. 1989; Ryskov et al. 2008; Ning et al. 2025). The §"*C
composition of this carbonate is therefore linked to the C3/C4 ratio of the vegetation (Cerling and
Quade 1993). However, in soil with low respiration rate, the §'*C value of soil CO; is not
controlled by vegetation alone. In this type of environment, a substantial fraction of soil CO»
derives from diffusive exchange with the atmosphere (§'°C = -8%o), which shifts the soil CO
signal toward less negative values relative to the purely biogenic signal (Quade et al. 1989). This
effect is particularly relevant in open-canopy, semi-arid settings such as the one studied here, and
is further amplified by the fact that pedogenic carbonate precipitation predominantly occurs during
the dry season, when respiration rates are lowest (Breecker et al. 2009; Fischer-Femal and Bowen
2021; Sarangi et al. 2021). As a result, nodule §'*C values may not directly reflect the true, year-
round isotopic composition of the vegetation, but rather a signal biased toward enrichment by this
seasonal, low-respiration effect. For this reason, the raw values obtained from the nodules should
be regarded as a smoothed, potentially biased indicator, rather than a direct snapshot of past plant
composition (Breecker et al. 2009; Huth et al. 2019).

Nodules (Nd), the dominant carbonate feature identified in the upper horizons of section SC0O1 and
throughout sections SC02-SC04, have &'°C values ranging from -3.17%o to -0.24%o,
corresponding, under the 14—16%o enrichment factor (Cerling 1984), to a soil CO; source of -14

to -17%o. These values are slightly more negative than a pure C4 biomass signal (average -12%o),
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which on its own would point to a minor C3 contribution to an otherwise C4-dominated system.
Given the bias associated with the dry season and low respiration mentioned above, this signal is
likely to be more negative in reality. It is therefore influenced to a greater extent by C3 plants than
these raw values would suggest. This is consistent with the modern vegetation at the site, a bush
savannah dominated by woody C3 taxa comprising species such as Acacia, Terminalia and Boscia
(Ringrose et al. 1998). This explains the apparent contradiction between the herbaceous/C4-like
signal suggested by the raw nodule values and the shrub-dominated cover observed in the field.
The similarity between the §'°C value of NdO1, the nodules observed in modern soil, and the §'*C
values of the numerous nodules in the buried palaeosol in SCO1 indicates that the same vegetation
structure persisted over a prolonged period of time. This vegetation remained dominated by C3
woody taxa, with a variable and comparatively minor C4 herbaceous component, throughout the
different pedosedimentary cycles.

The pseudomycelia (Ps) identified at the base of section SCO1 (horizon AB3b), show a markedly
more negative 8'°C value (-7%o). Unlike nodules, which represent cumulative, time-averaged
features, pseudomycelia reflects an incipient, near-instantaneous stage of carbonate accumulation,
here linked to shrub roots reaching this depth in a riparian, hydrologically stable setting (Durand
et al., 2010, 2018; Field observations, Fig. 7.2). Because this depth is buffered from atmospheric
CO: infiltration by the hydric influence of the river, the pseudomycelia likely capture a
comparatively unbiased, purely biogenic C3 root-respiration signal (Quade et al., 1989). This is
reinforcing the idea that the enriched nodule signal reflects a seasonal/respiration artefact rather
than a genuinely distinct, C4-dominated vegetation history. Together, the nodule and

pseudomycelia records are consistent with a stable savannah structure combining C3 woody
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vegetation with a variable, and possibly more limited, C4 herbaceous component than initially

inferred from the raw carbonate values alone.

7.4.2. Climate dynamics and stable oxygen isotopes in pedogenic carbonates

The source of oxygen in pedogenic carbonate is meanly related to soil water and therefore,
meteoric water (Zamanian et al., 2016). According to Cerling (1984), the §'*0 in pedogenic
carbonates records climate because it faithfully tracks the isotopic composition of precipitation,
which is itself controlled by temperature and rainfall regime at the time of carbonate formation. In
tropical and subtropical regions, the "amount effect" dictates that high precipitation rates lead to a
significant decrease in the '30 content of meteoric water (Dansgaard, 1964; Rozanski et al., 1993).
This leads to lower §'®0 values in soil carbonates for a given temperature, while dry climates
produce enriched 80 values due to low rainfall and intense evaporation (Quade et al., 1989;
Fischer-Femal and Bowen, 2021). This enrichment occurs because evaporation preferentially
removes the lighter '°0O isotope to the atmosphere, leaving residual soil water and the resulting
pedogenic carbonates enriched in 'O (Licht et al., 2022). As suggested by our results, the stable
oxygen isotopes (5'0) of the carbonate features in these pedosedimentary sections are clustered
around a very narrow range of values from -5.52%o to -3.39%o. This apparent isotopic homogeneity
under comparable hydrological conditions across multiple pedosedimentary sections suggests a
period of significant climatic stability. Specifically, it indicates that the isotopic composition of
the meteoric water source and the subsequent evaporative enrichment in the soil profile remained
relatively constant throughout the period of carbonate precipitation (Cerling, 1984; Quade et al.,
1989). This is further highlighted by the cross-plot of 8'*C and §'80 (Fig. 7.6), which shows a
highly concentrated cluster of data points rather than a clear linear trend or several distinct groups.

In stable isotope geochemistry, a cluster reflects the absence of significant changes in vegetation
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type (C3-C4 mixed vegetation) or regional water balance (precipitation vs. evaporation). If there
had been significant transitions from wet to dry conditions, the samples would likely have been
distributed along a “covariation line”; on the contrary, the overlap between modern surface nodules
and deeper features reinforces the conclusion that environmental parameters, particularly seasonal
aridity and open-canopy savannah structure, remained fundamentally unchanged during the
various deposition cycles.

Nevertheless, vertical trends in SCO1 highlighted some slight variations in the §'30 signatures.
NdO02 and Nd03 are characterised by relatively high §'30 values, respectively -3.64%o and -3.39%o,
while NdO1 and Nd04 showed relatively low values, respectively -4.50%o and -4.48%o. These
internal fluctuations likely reflect vertical gradients in soil water evaporation during the time of
carbonate precipitation. The enriched (higher) values in Nd02 and Nd03 suggest formation during
periods of peak evaporative stress or at shallower depths more exposed to solar radiation.
Conversely, the more depleted (lower) values in NdO1 and Nd04 may represent formation during
slightly wetter seasons or at depths where soil moisture was better insulated from atmospheric
evaporation (Quade et al., 1989; Breecker et al., 2009) The stratigraphic framework established by
Dina Ebouel et al. (2026a, under review) strongly supports this “depth effect” interpretation.
According to this stratigraphy, the AB1b horizon containing Nd02 constituted the upper part of
the buried palaeosol, likely representing an exposed or near-surface landform prior to the
deposition of C1 sediments. The enriched §'*0 signal of Nd03, located in the upper part of the
Bkkb horizon, follows this same logic of surface-proximal evaporation. In contrast, the more
depleted values in NdO1 (Bk1) and Nd04 (lower Bkkb) reflect carbonate precipitation in deeper

accumulation horizons, where the isotopic composition of soil water remains more closely aligned
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with that of local meteoric water and is less influenced by secondary evaporative enrichment
(Cerling and Quade, 1993).

This model of depth-controlled buffering also extends to the pseudomycelia, though their signature
is further modified by the specific hydrological dynamics of the riparian zone. Given their
proximity to the river channel, these features likely precipitated from groundwater associated with
the local watercourse. Their isotopic value represents a balance between the original depleted
signature of the river water and subsequent evaporative enrichment at the capillary fringe during
periods of water-table recession (Arenas-Abad et al., 2010; Sanz-Montero et al., 2023). This
distinguishes the pseudomycelia from the nodules; while the former are controlled by fluctuating
groundwater levels near the channel, the latter are primarily influenced by the downward
infiltration and evaporation of meteoric waters in the upper soil profile.

While the §'80 variability observed among soil carbonates in this study (ranging from -5.52%o to
-3.39%o0, a spread of approximately 3%o) has been primarily interpreted above in terms of
hydrological and climatic controls (precipitation/evaporation balance, seasonal aridity),
temperature is also known to exert a direct control on '%0 values through its effect on the calcite-
water oxygen isotope fractionation factor (O’Neil et al. 1969; Kim and O’Neil 1997),
independently of any change in the isotopic composition of soil water. Since most pedogenic
carbonates form within a temperature range bounded by mean annual and maximum monthly soil
temperatures (Breecker et al., 2009), seasonal or interannual temperature variability alone could
account for a substantial portion of the observed 3%o range, even under a constant meteoric water
580 composition. Testing this alternative would require comparing measured carbonate §'*0
values with theoretical equilibrium values calculated across a range of plausible formation

temperatures, using the 8'®0 of local meteoric water as an input. In the absence of local
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precipitation-isotope data or a nearby monitoring station for the study area, this calculation could
not be performed with confidence in the present study, as it would rely on regional or interpolated
water §'80 estimates (e.g., from the Global Network of Isotopes in Precipitation) introducing an
additional and difficult to constrain source of uncertainty. Consequently, while the interpretation
proposed above emphasises hydrological/climatic drivers, a temperature-driven contribution to the
observed §'%0 variability cannot be excluded, and disentangling the relative roles of temperature
and water isotopic composition remains an important avenue for future work, contingent on the

acquisition of local meteoric water isotope data.
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Fig. 7.6. Cross-plot of '3C and §'®0 for pedogenic carbonate features.

7.4.3. Hydrological conditions and carbonate precipitation

Despite a stable regional climate, Dina Ebouel et al. (2026a, under review) highlighted localised
fluvial changes that interrupted soil development. This dynamic demonstrates the need to analyse

variations in local hydrological conditions using Mn/Fe ratios to better understand the specific
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environment of carbonate formation. Chemical comparisons between pedogenic carbonate
features and their host horizons reveal a systematic depletion of iron in the nodules compared to
the pedogenic matrix. Conversely, some features (e.g. Nd02, Nd06, Nd07) show significant Mn
enrichment. It is important to note that Mn and Fe in pedogenic carbonates are commonly present
as secondary oxyhydroxide phases rather than being structurally incorporated into calcite. As a
result, Mn/Fe ratios likely integrate both syn- and post-pedogenic redox processes, reflecting fluid
circulation, transient saturation, and redox cycling within the soil system (Sipos et al., 2025). This
chemical signature aligns with the stratigraphic position of the AB1b horizon (hosting Nd02) in
SCO01; the overlying C1 deposit indicates a period of fluvial overbank flooding, which would have
induced the temporary saturation and reducing conditions necessary to drive this Mn-Fe
partitioning.

The Fig. 7.7 shows a scatter plot of Min/Fe ratios versus §'*O values for carbonate samples. Overall,
higher Mn/Fe ratios tend to be associated with more depleted §'*0 values (< —5%o), whereas
samples with less negative 3'30 values cluster at lower Mn/Fe ratios. This likely reflects reducing
conditions affecting the soil system, possibly associated with periods of increased moisture and
redox fluctuations. Such conditions are consistent with more reducing soil or pore-water
environments, in which Mn*" is preferentially reduced and mobilised compared to Fe**. In contrast,
samples characterised by low Mn/Fe ratios likely reflect more oxidising and/or better-drained
settings, where Fe remains relatively immobile and Mn availability is limited (Islam and Mostafa,
2023; Sipos et al., 2025).

The dispersion of Mn/Fe ratios at similar §'®0 values indicates that, in addition to the isotopic
composition of soil water, local redox heterogeneity and hydrological dynamics (such as

fluctuating water tables or episodic saturation) played a major role in controlling trace element
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signatures. Within this framework, samples Nd02 and NdO3 are distinctive. They combine
relatively high Mn/Fe ratios with less negative §'*0 values (around -3.64 to -3.39%o), setting them
apart from the main cluster. The §'0 enrichment suggests precipitation from more evaporated soil
waters as mentioned in section 7.4.2, and commonly associated with drier conditions. However,
their elevated Mn/Fe ratios imply that carbonate recorded episodes of locally reduced conditions,
which promoted Mn mobilisation despite an overall evaporative hydrological context (Sipos et al.,
2025). Nd02 and NdO3 therefore record a partial decoupling between hydrological and redox
signals and are best interpreted as reflecting short-lived reducing events superimposed on a
generally dry background climate. These samples likely capture episodic hydrological pulses (e.g.,
transient saturation following rainfall or perched water tables) rather than sustained wet conditions,
highlighting the importance of micro-environmental variability during pedogenic carbonate
formation (Driese and Mora, 1993).

The solubility of Mn?" (by extension the Mn/Fe ratio) is also directly controlled by pH,
independently of Eh (Lindsay 2001). Thermodynamically, Mn*" oxidation is favoured above pH
~ 4, and its kinetics are strongly pH-dependent (Morgan 2005), so that increasing soil-solution pH
can drive Mn re-precipitation as oxide or carbonate phases even without a shift in redox state.
Because Fe** does not respond identically to pH changes, local pH variability, for instance linked
to evaporative concentration, organic matter decomposition, or carbonate buffering during nodule
growth, could itself generate part of the observed Mn/Fe variability without requiring a discrete
reducing event. This is particularly relevant to samples such as Nd02 and Nd03, where elevated
Mn/Fe ratios coincide with §'30 enrichment consistent with strong evaporative concentration. The
concurrent rise in local pH may have promoted Mn retention, offering a complementary

explanation to the transient reducing-pulse hypothesis proposed above. Distinguishing between
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these mechanisms would ideally rely on immobile trace-element ratios (e.g., Ti/Zr, Zr/Th),
commonly used to isolate detrital/lithogenic control from authigenic, redox- or pH-driven mobility
(McLennan 2001; Tribovillard et al. 2006). However, Th and Zr concentrations were not
determined for the samples in this study, precluding this additional line of evidence. Consequently,
while the Mn/Fe ratio remains a useful qualitative indicator of hydrological variability, its
interpretation here should be regarded as reflecting the combined influence of redox state, local
pH conditions, and lithological heritage, rather than redox alone.

The group formed by samples Nd06, Nd07, Nd08, Nd11 and Nd12 exhibits high Mn/Fe ratios that
contrast with the stability of their §'30 signatures. This geochemical trend probably reflects a
change related to lithological heritage rather than climatic changes. The local geology consists of
alternating basaltic rocks (Mn/Fe = (0.01-0.02), mudstones (Mn/Fe = 0.02) and sandstones (Mn/Fe
~ 0.03) (Franchi et al., 2021). Furthermore, Dina et al. (2026a, under review) demonstrated that
the weathering of these parent materials, individually or in combination, directly influences the
development of these pedosedimentary sections. In addition, the absence of oxygen isotopic
deviation confirms that these chemical variations occurred under a constant regional climate

regime.
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Fig. 7.7. Cross-plot of §'%0 and Mn/Fe of pedogenic carbonate features.

In summary, the combination of stable isotopes (8'°C, §'%0) and elemental ratios (Mn/Fe) allows
for a reliable reconstruction of a resilient shrub savannah ecosystem. The main strength of this
multifaceted approach lies in its ability to dissociate regional climate from local hydrology. While
the close clustering of isotopic data indicates long-term regional climate stability and a stable plant
structure dominated by C4 plants, Mn/Fe ratios reveal the ‘hidden’ complexity of the site's fluvial
history. Specifically, the ability to correlate Mn enrichment in nodules with stratigraphic evidence
of off-channel flooding (e.g., deposit C1) validates the use of the ratio as a high-resolution indicator
of transient redox events that isotopic averages might otherwise overlook. However, certain
limitations must be acknowledged. The intrinsic “temporal averaging” nature of larger carbonate
nodules means that they likely smooth out decades or even centuries of environmental variability,
potentially masking short-term ecological changes. Furthermore, the “seasonal bias” of carbonate
precipitation, which favours the dry season, means that §"°C and &'0 values may

disproportionately reflect arid phase conditions rather than the absolute annual mean. While
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pseudomycelia offer a more “instantaneous” hydrological snapshot, their localised formation
along modern root paths and near the riverbed complicates their use as a direct analogue for older,
deeper pedosedimentary cycles. The bulk concentrations of Mn and Fe measured in the carbonate
features do not allow us to determine their specific mineralogical hosts. Our interpretation was
based on the model proposed by Sipos et al. (2025), who showed that Fe- and Mn-oxyhydroxides
may precipitate within pre-existing carbonate features, particularly in microfractures, cavities, and
as coatings on soil-matrix particles, in response to water circulation and fluctuating redox
conditions. This model is particularly relevant to the present study area, where carbonate features
occur in soils affected by fluctuations in the hydrological regime of the adjacent river system.
However, confirming whether the measured Mn and Fe are predominantly associated with discrete
Fe/Mn oxyhydroxides and occluded materials, or are incorporated into the calcite crystal lattice,
would require petrographic and microchemical investigations, which were beyond the scope of the
present study. Therefore, the interpretation of Mn and Fe concentrations should be considered as
a plausible hypothesis rather than definitive evidence of the redox conditions prevailing during
carbonate formation. Finally, the absence of independent chronological constraints means that a
robust temporal framework cannot be established, so interpretations are necessarily process-based
rather than time-resolved. Despite these constraints, converging evidence suggests that the study
area has maintained a consistent ecological character, punctuated periodically by river pulses,

throughout the recorded sections.

7.5. Conclusions

Overall, the combined analysis of stable isotopes (5'°C and 5'0) and elemental ratios (Mn/Fe) in
pedogenic carbonate features enables the reconstruction of long-term environmental stability and

short-lived hydrological disturbances within the study area. The §'3C values of the carbonate
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nodules (-3.17%o to -0.24%o) consistently indicate a resilient, C3-C4 mixed savannah ecosystem.
The relatively narrow range of §'0 values (-5.52%o to -3.39%o) suggests limited variability in the
isotopic composition of soil water; however, this signal should not be interpreted as a direct
indicator of regional climatic stability. Instead, it likely reflects a combination of local controls,
including evaporation, soil water residence time, and seasonal bias in carbonate precipitation.
Minor vertical variations, particularly in SCO1, are therefore more plausibly linked to depth-
dependent evaporative processes than to climatic shifts. Meanwhile, Mn/Fe ratios provide valuable
insights into redox dynamics and hydrological variability within the soil system, although their
interpretation must consider the potential contribution of secondary processes and post-
depositional redistribution. Although the time-averaging nature of carbonate precipitation and its
seasonal bias may smooth out short-term variability, the convergence of isotopic and elemental
evidence suggests that there is a stable ecological framework which is periodically interrupted by
river-driven hydrological pulses. Applying this multi-proxy approach to further pedosedimentary
sections in different geomorphic settings would enable the evaluation of the regional
representativeness of these signals and help to distinguish between local and climate-driven
influences. Furthermore, improved chronological constraints would refine the timing and

significance of hydrological events.
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Appendices

Appendix 7.1 Stable isotope ratios of carbon (**C/'?C) and oxygen (‘*0/!°0) in carbonate features

and laboratory quality control.

Section Layer D(:::)h Sample 613C(VPDB) SD 6180(VPDB) SD n
Bk2 120-150 Nd01 -3.17 0.08 -4.50 0.05 10
AB1b 240-300 Nd02 -2.63 0.06 -3.64 0.06 10
SCo1 300-330 Nd03 -2.43 0.06 -3.39 0.07 10
Bkkb
330-360 Nd04 -2.19 0.06 -4.48 0.03 10
AB3b 740-840+ Ps -6.85 0.07 -4.94 0.06 10
BCkkb 240-360 Nd05 -0.24 0.06 -4.67 0.05 10
500-540 Nd06 -2.00 0.06 -5.17 0.06 10
BCkb
540-580 Nd07 -2.40 0.04 -4.97 0.02 10
245-285 Nd08 -1.08 0.05 -5.39 0.05 10
285-305 Nd09 -2.23 0.04 -5.52 0.06 10
BCkkb
SC03 305-345 Nd10 -1.96 0.05 -5.46 0.05 10
345-375 Nd11 -2.26 0.05 -5.52 0.06 10
BCkb 375-400 Nd12 -2.40 0.04 -5.43 0.04 10
160-190 Nd13 -1.42 0.04 -4.94 0.05 10
BCkkb 190-220 Nd14 -1.23 0.05 -4.98 0.06 10
220-260 Nd15 -1.71 0.04 -4.86 0.05 10
SC04
260-300 Nd16 -1.30 0.05 -5.01 0.05 10
BCkb 300-330 Nd17 -1.35 0.04 -4.98 0.05 10
330-400+ Nd18 -3.01 0.04 -4.87 0.05 10
Reference Commend 613C(VPDB) SD 6180(VPDB) SD n
Carrara Marble / House -2.52 0.06 -0.90 0.05 9
Carbonatite / -5.01 0.04 -23.01 0.1 3
RM
NBS18 (recommended
-5.01 0.04 -23.01 0.1
value)
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Appendix 7.2. Fe, Mn concentration in molar percent and Mn/Fe ratio in the study sections.

Location Samples Depth (cm) Fe Mn Mn/Fe
Al 0-30 3.13 0.06 0.02
AB 30-90 3.13 0.07 0.02
Bk1 90-120 4.06 0.11 0.03
Bk2 120-180 4.27 0.11 0.02
BC 180-220 3.73 0.08 0.02
Cc1 220-240 2.74 0.06 0.02
sco1 AB1b 240-300 4.59 0.09 0.02
Bkkb 300-420 4.97 0.10 0.02
CB1b 420-480 7.47 0.06 0.01
CB2b 480-570 7.41 0.06 0.01
CB3b 570-630 7.46 0.07 0.01
AB2b 630-690 7.33 0.06 0.01
CB4b 690-740 5.86 0.05 0.01
AB3b 740-840+ 6.19 0.05 0.01
Al 0-20 3.24 0.05 0.02
C1 20-110 3.19 0.06 0.02
ABb 110-185 3.76 0.06 0.02
BClb 185-240 3.16 0.04 0.01
5¢02 BCkkb 240-360 3.58 0.04 0.01
BC2b 360-500 3.93 0.05 0.01
BCkb 500-580 4.71 0.10 0.02
BC3b 580-600+ 2.97 0.04 0.01
Al 0-15 3.98 0.07 0.02
AC 15-42 5.25 0.09 0.02
C1 42-70 2.68 0.05 0.02
sCo3 C2 70-140 5.40 0.09 0.02
ABb 140-205 6.67 0.10 0.02
Btb 205-245 3.35 0.05 0.02
BCkkb 245-375 4.36 0.06 0.01
BCkb 375-430+ 3.62 0.06 0.02
Al 0-15 3.45 0.05 0.01
AC 15-50 3.99 0.06 0.02
ABb 50-70 5.88 0.09 0.02
SCo4 Btlb 70-90 5.23 0.09 0.02
Bt2b 90-160 3.20 0.04 0.01
BCkkb 160-260 3.75 0.05 0.01
BCkb 260-400+ 4.80 0.06 0.01
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CHAPTER EIGHT

Rare Earth Element Fractionation: A High-Resolution Indicator of Carbonate Origin and

Pedogenic Signatures in Semi-Arid Landscapes’
Abstract

Pedogenic carbonates constitute an important pool of soil inorganic carbon in semi-arid
environments, yet distinguishing their formation mechanisms and origin remains a challenge,
especially in pedosedimentary landscapes where lithogenic carbonates may also occur. This study
investigates rare earth element (REE) signatures in pedogenic carbonates and their surrounding
soil matrix within a calcic landscape of the eastern Hardveld of Botswana. Four pedosedimentary
sections developed along the Metsimasweu River were analysed, including 37 soil samples and 18
pedogenic carbonate (nodules and pseudomycelia) samples. Soil REE concentrations range from
34.28 to 82.37 mg kg'!, whereas carbonates have a much wider variability (29.81-200.55 mg kg’
1. Principal component analysis reveals contrasting geochemical controls between soil and
carbonate samples. REE enrichment in bulk soils is primarily associated with clay-rich horizons,
while carbonate exhibit strong relationships between Ca content and REE fractionation indices.
All carbonate samples display pronounced negative cerium anomalies (6Ce = 0.09-0.78) and
relative heavy rare earth element (HREE) enrichment, consistent with pedogenic carbonate
formation. The strongest REE enrichments occur in samples Nd06 and NdO7 (up to 200.55 mg kg
1, likely reflecting the relationship with calcium enrichment in pedogenic. These geochemical

signatures indicate that carbonate precipitation most likely occurred under oxidising conditions

" This chapter is based on a research article co-authored with Thierry Bineli Betsi, Elisabeth Eiche, Stefan

Norra, and Peter N. Eze; currently under review in Scientific Report.
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during short-lived wetting—drying cycles typical of semi-arid climates. The results demonstrate
that analysing individual carbonate features allows the isolation of carbonate-specific REE
signatures that may be masked at the bulk-soil matrix. This high-resolution approach provides a
robust geochemical tool for identifying pedogenic carbonates and reconstructing their formation
processes in complex pedosedimentary environments.

Keywords: Alkaline Soils; Kalahari Basin; LREE/HREE Fractionation; Soil inorganic carbon;

Weathering Indices.

8.1. Introduction

Pedogenic carbonates, a specific type of soil inorganic carbon (SIC), play a significant role in
carbon sequestration in dry environments (Zamanian et al., 2021). Depending on the degree of
development, several morphological forms may occur within the soil profile, including diffuse
powder, coatings, pseudomycelia, nodules and petrocalcic horizons (Gile, 1993; Zamanian et al.,
2016). The synergy of low precipitation and high evapotranspiration concentrates solutes within
the soil. As the soil solution reaches supersaturation, calcium and magnesium react with
bicarbonate ions, triggering the precipitation and progressive preservation of carbonates (Stanbery
et al., 2023). Although upward mechanisms, namely capillary rise and evaporation, typically drive
carbonate formation, seasonal rainfall can induce periodic dissolution, facilitating the downward
translocation of carbonates from the topsoil to subsurface horizons (Zamanian et al., 2016).
Consequently, it is often challenging to disentangle the relative contributions of these opposing
flux mechanisms to the net long-term architecture of the soil profile.

In arid and semi-arid environments, landscapes often evolve from a combination of pedogenic
processes and sediment deposition, often incorporating lithogenic carbonate deposits (Dina Ebouel

et al. 2025a, b). Unlike pedogenic carbonates, lithogenic carbonates originate primary from
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sedimentary processes. It is therefore important to differentiate carbonates of pedogenic origin
from those derived from lithogenic processes. A clear understanding of pedogenic formation
processes is essential for enhancing soil carbon sequestration and ensuring preservation through
sustainable land use (Egli et al., 2021).

Current methodologies used to study SIC formation rely on a combination of laboratory and field
techniques, the choice of which to use is often decided by the technical infrastructure and financial
resources available (Dina Ebouel et al., 2024). While macromorphological characterisation
provides the basic morphological information, its inherent limitations in terms of resolution
necessitates a shift to more sophisticated, multi-scalar approaches. Recent studies now increasingly
combine traditional physical descriptions with micromorphological observations and isotopic
geochemistry to gain a high-resolution understanding of precipitation processes (Dal Sasso et al.,
2018; Kelson et al., 2025). Specifically, the analysis of stable carbon (§'°C) and oxygen (5'%0)
isotopes in carbonate formations makes it possible to reconstruct the environmental and
climatological conditions that prevailed at the time of their formation (Cerling and Quade 1993;
Eze and Meadows, 2015; Fischer-Femal and Bowen 2021). In addition, while the application of
strontium (¥’Sr/%°Sr) isotope ratio serves as a robust proxy for tracing parent rock sources (Dietrich
et al., 2017; Milliere et al., 2019), the study of the behaviour of major and trace elements in soil
carbonates provides further insight into the specific chemical pathways and biophysical-chemical
factors involved in the formation process (Dina Ebouel et al., 2025b; Wolff et al., 2017).
According to Laveuf and Cornu (2009), REEs signatures in carbonates can be used to discriminate
between lithogenic and pedogenic carbonates, mainly through LREEs/HREEs fractionation
patterns. This approach was used for carbonates from the Kalahari Basin in Botswana by Dina

Ebouel et al. (2025a).In the study, REEs signatures in soils marked by high carbonate contents
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were used to deduce carbonate sources from contrasting parent materials. Nevertheless, the authors
highlighted several limitations. The REEs distributions were strongly controlled by lithology and
clay-affinity elements, while the relationship between CaCOs; and REEs indices was weak or
inconsistent across sites. These indicate that bulk soil REEs signatures may mask the specific
geochemical signal of carbonate formation, particularly when multiple sources and processes
overlap. Hence a need for empirical improvement.

Applying REEs fingerprinting at a landscape scale, by directly comparing the REEs signatures of
distinct carbonate forms (e.g., nodules, pseudomycelia) with those of the surrounding soil matrix,
could help overcome these limitations. Such an approach would allow for better isolation of the
carbonate-specific signals from soil background noise, thereby improving the interpretation of
carbonate genesis and associated pedogenic processes.

This study investigates a pedosedimentary landscape in central Botswana, characterised by
widespread carbonate accumulation. Its objectives are to (i) characterise the REEs signatures of
the pedogenic carbonates; (ii) compare these signatures with those of their host soil horizons; and
(ii1) elucidate the mechanisms controlling REEs fractionation and, ultimately, the origin and
formation pathways of the carbonates. Findings from studies of this nature have significant
implications for the use of pedogenic carbonates as proxies for palacoenvironmental and

palaeoclimate reconstructions.

8.2. Material and methods

8.2.1. Study area
The study area, located at Serowe in the eastern Hardveld of Botswana (22.34°-22.42° S, 26.67°—
26.76° E), is characterised by a complex geological architecture of the Karoo Supergroup

unconformably overlain by Cenozoic Kalahari sands (Smith, 1984). The local lithostratigraphy is
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dominated by the Lebung Group sandstones capped by Stormberg lavas, which serve as the
primary geochemical reservoir for the landscape's development (Franchi et al., 2021). Recent
investigations at this site have demonstrated that the weathering of these basaltic units from
Stormberg lavas drives calcium enrichment in the pedogenic carbonates in the area (Dina Ebouel
et al., under review b). Under the prevailing semi-arid BSh climate (mean annual precipitation of
442.4 mm), high evapotranspiration rates and ephemeral hydrological pulses promote intense
calcification and pedogenic carbonate accumulation, with eqCaCO3 contents reaching up to 22
wt.% in some horizons (Dina Ebouel et al., under review a). These pedogenic carbonates are
mainly in form of diffuse powder, nodules and some pseudomycelia observed in sub-surface
horizon adjacent to the river. Furthermore, calcite (CaCO3) is the dominant mineralogical species
observed in these carbonates (Dina Ebouel et al., under review b). The hydrochemical environment
is typically dominated by Ca—Mg—HCOs signatures (Stadler et al., 2010), reflecting limited water-
soil interaction during recharge events. While previous stable isotope studies (5'°C, §'%0) have
highlighted the influence of local hydrology on carbonate formation (Dina Ebouel et al., under

review c).

Table &8.1. Location of the studied sections

. . . Altitudes Number of Number of carbonates samples
Section | Longitude (E) Latitudes (S) Depth (m) . p
m asl horizons and labels
PO1 26.70315 22.37167 1127 8.4 14 5 Nd01, Nd02, Nd03, Nd 04
and Ps
P02 26.7214 22.37266 1101 6 8 3 Nd05, Nd06 and Nd07

Nd08, Nd09, Nd10, Nd11

P03 26.73786 22.37144 1090 4.3 8 5 and Nd12

Nd13, Nd14, Nd15, Nd16

P04 26.74099 22.37386 1086 4 7 5 and Nd17

*P: profile; Nd: nodule; Ps: pseudomycelia
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8.2.2. Sampling strategy

The sampling plan followed a systematic approach in the four pedosedimentary sections (Table
8.1) previously established by Dina Ebouel et al. (under review c). These sections, which occur
naturally along a seasonal river locally known as Metsimasweu, were strategically selected to
represent the geomorphological and lithological diversity of the Serowe landscape, which includes
both basaltic and sedimentary substrates.

In each profile, representative soil samples were taken from identified pedogenic horizons and
sedimentary layers, to the maximum accessible depth. To fulfil the specific objectives of this study,
samples of carbonate (Fig. 8.1), including nodules (Nd) and pseudomycelia (Ps), were carefully
collected in situ to ensure minimal contamination. Corresponding host matrix samples were
collected in the immediate surrounding of each carbonate sample to allow direct comparison of
REEs signatures. A total of 18 carbonate samples and 37 soil samples were collected and stored in

ziplock polyethylene bags and transported to the laboratory for further analysis.

Fig. 8.1. a. isolated pedogenic carbonates nodules; b. pseudomycelia carbonate (Ps) in PO1 (the

coin and the geologist's hammer are used as a scale).
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8.2.3. Analytical methods

8.2.3.1. Physico-chemical properties of soil

Pretreatment prior to physico-chemical analyses involved 2 mm sieving and manual removal of
coarse roots. Particle size distribution was determined after a two-step pretreatment process. This
involved treating the sample with a 30% hydrogen peroxide solution for 24 hours to remove
organic matter, followed by treatment with a 10% hydrochloric acid solution for 24 hours to
remove carbonates. The samples were then dispersed using sodium hexametaphosphate, after
which the proportion of clay, silt and sand was determined using the Bouyoucos hydrometer
method and reported in mass percentage.

Soil pH and electrical conductivity (EC) were determined in a 1/2.5 soil:deionised water ratio
solution as recommended in FAO Guidelines for soil description (Food and Agriculture
Organization of the United Nations, 2006). The carbonate content equivalent (eqCaCQO3) of the
soil was determined with an Eijkelkamp calcimeter using the Scheibler method, in accordance with
NEN-ISO 10693. The sample react with hydrochloric acid (4 M HCI), generating CO> gas. The
volume of CO: produced is measured volumetrically using a burette system and the carbonate
content is expressed as calcium carbonate equivalent (eqCaCQO3). Calibration was carried out using
calcium carbonate standards (0.2 g and 0.4 g CaCO3), and blank determinations were carried out
to ensure accuracy. Results were calculated using the standard formula, incorporating corrections
for blank values and moisture content (ISO 11465). Results obtained in g kg™ were converted to
weight percentages. The soil organic matter (SOM) content was determined via wet oxidation

(Walkley and Black, 1934).
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8.2.3.2. Elemental analysis

The carbonate samples were cleaned with a brush to remove the soil and organic matter covering
them. Following these steps, the soil (2 mm sieved) and carbonate samples were then pulverised
into a fine, homogeneous powder using an agate mortar.

Magnesium (Mg) and Calcium (Ca) concentrations were determined only for the pedogenic
carbonates. The analysis was performed on fused beads using an S4 Explorer (Bruker AXS)
wavelength dispersive X-ray fluorescence spectroscope (WDX) at the Laboratory for the
Environmental and Raw Materials Analysis (LERA), Institute of Applied Geosciences, Karlsruhe
Institute of Technology (KIT), Germany. Prior to element quantification, the loss on ignition (LOI)
of the pulverised samples was determined by heating them to 950 °C for 3 hours and recording the
weight difference before and after heating. Fused beads were prepared by mixing the ignited
sample powder with a 66.5:33.5 ratio of Li-tetraborate and Li-metaborate (Spectroflux 110, Alfa
Aesar) before melting it at 1000—1100 °C using a fusion instrument. An Rh X-ray tube (50 keV, 1
kW) was used as the radiation source. Signals were detected using a proportional flow counter
(Ar-CHg4 gas) and a scintillation counter. XS-55, LIF2000 and PET were used as analyser crystals.
Four certified reference materials including AGV-1, GXR-2, GXR-5 and Soil 7, were used for
quality control to ascertain the accuracy of the produced data.

Rare Earth Element concentrations were determined using ICP-MS at the Laboratory for
Environmental and Raw Materials Analysis (LERA), Institute of Applied Geosciences, Karlsruhe
Institute of Technology (KIT), Germany, with a Thermo Scientific iCAP instrument. Prior to
analysis, samples were subjected to an open/semi-open full acid digestion using HNO3(HCI)-HF-

HCI1O4. Measurements were performed in kinetic energy discrimination (KED) mode with helium
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as the collision gas to suppress polyatomic oxide interferences, ensuring reliable quantification of
Sc, Y, and the full lanthanide series (La—Lu).

External calibration was carried out using multi-element REEs standards spanning 0—100 ppb,
yielding excellent linearity for all REEs (R?> > 0.999). Limits of quantification were typically <
0.001 ppb for most REEs. Instrumental stability was monitored throughout the analytical session
by repeated analysis of a 5-ppb control standard, which consistently remained within £5% of the
target concentration.

Analytical accuracy was assessed through repeated measurements of SLRS-6 river water reference
material, with REEs recoveries generally ranging between ~90% and 97%. Additional validation
was provided by the analysis of geological reference materials (BHVO-1, BIR-1, SAG-1, GXR-5,
Soil-7), which yielded internally consistent REEs patterns. Oxide interference suppression was
verified using a 250 ppb La/Ce solution, which showed negligible signal in heavy REEs mass

channels. Procedural blanks (1% HNO3) confirmed a low analytical background throughout.

8.2.4. Data treatment

To facilitate stoichiometric comparison, the calcium (Ca) and magnesium (Mg) content of the
carbonate samples, originally reported as oxide weight percentages (wt.%), were recalculated into
elemental molar percentages (mol%) (Rollinson and Pease, 2021). The reported weight percentage
of each oxide was divided by its molecular weight to obtain the corresponding oxide molar
proportion. This value was then multiplied by the oxide's cation stoichiometric coefficient (e.g. 2
for Al2O3; 1 for CaO) to derive the unnormalized cation molar proportion. The final elemental
molar percentages (mol%) were obtained by normalising these values to the total molar sum of all

analysed elements.
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The sum of rare earth elements (> REEs), from lanthanum (La) to lutetium (Lu), was calculated
for each sample. Light rare earth elements (LREEs) were defined as La to Eu, whereas heavy rare
earth elements (HREEs) were defined as Gd to Lu. The LREEs/HREEs ratio was then determined
by dividing the sum of LREEs by the sum of HREE:s.

REE:s indices including the cerium (6Ce) and europium (6Eu) anomalies, along with the (La/Yb)x,
(La/Sm)n and (Gd/Yb)n fractionation ratios, were calculated using UCC values as a reference
(Taylor and McLennan, 1985).

The REEs contents of the soil and carbonates were normalised to the concentrations of the upper
continental crust (UCC) (Taylor and McLennan, 1985) to illustrate vertical variation of REEs.
Principal component analysis (PCA) was conducted on two different set of samples using R
version 4.5.1. The first PCA examined the relationships between REEs concentrations and indices,
and physico-chemical properties in bulk soil samples. The second PCA focused specifically on
carbonates to investigate interactions between REEs signatures, Ca and Mg.

To account for the disparity in scales of the variables, ranging from parts per million (ppm) to
molar percentage (mol%), a two-step data pre-treatment was applied. First, the concentration data
were logio-transformed to normalise the distributions and reduce the influence of extreme values.
Secondly, all variables were standardised using Z-score transformation by subtracting the mean of
each variable from its individual values and dividing by the standard deviation. This procedure
ensured that each variable, regardless of its original unit, contributed equally to the PCA, with a

final mean of zero and unit variance of one.
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8.3. Results

8.3.1. Physico-chemical properties of the soils

Detailed description of the morphological and physico-chemical properties of the sections
available in Dina Ebouel et al. (under review a). Brief overview of the physico-chemical results
relevant to this study including particle size distribution, pH(H20), EC, SOM, and eqCaCOs are
presented in Appendix 8.1.

Sand is generally the dominant fraction across the soil profiles, with contents mostly above 50%.
Clay fraction is typically below 15%. However, some horizons in P03 and P04 are characterised
by high contents of clay. In P03, ABtb is characterised by a dominant clay fraction (50%), while
clay fraction constitutes 31% of C2 and Bt. In P04, the clay content of ABb and Btlb are 39% and
33%, respectively. Silt fraction is typically between 10 and 25%, with average value of 17%.

The lowest soil pH values across the four sections (P01-P04) are predominantly observed in the
topsoil horizons (A1), ranging from a slightly acidic minimum of 6.40 in P04 to a slightly alkaline
maximum of 7.30 in P03. Most of the horizons are characterised by slightly alkaline conditions
with an average pH of 7.60. Furthermore, maximums corresponding to moderately alkaline pH
were recorded, ranging from 8.00 to 8.40, with the latter occurring in the lowest horizon of P02
(BC3b).

The EC ranges from 0.14 dS.m™ in the A1 horizon of P04 to a maximum of 2.81 dS.m™! in the
BCkkb horizon of P02. The BCkkb horizon in P02 is a typical example of this, with the maximum
EC values observed.

The SOM content of the soils is typically low, ranging from 0.19 wt.% to 0.62 wt.%. Topsoil
horizons mostly have the highest SOM content, reaching a maximum of 0.62 wt.% in P04, while

P01 and P03 have the lowest content at 0.41 wt.%.
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The equivalent CaCOs3 content ranges from 0.02 wt.% to 24.41 wt.%. As expected, the highest
values are observed in horizons with calcium carbonate features: Bkkb in PO1 (24.41 wt.%),

BCkkb in P02, P03 and P04 with concentrations of 14.24%, 16.26% and 21.09% respectively.

8.3.2. Ca and Mg in Carbonates

As shown in Table 8.2, all pedogenic carbonates of this study are characterised by high Ca content,
ranging from 35.06 mol% in Ps of PO1 to 81.83 mol% in NdO8 from P03. Nevertheless, carbonates
POl have relatively low concentrations ranging from 35.06 to 60.19 mol%. In contrast, the
carbonates in P02—P04 are characterised by a Ca content within the same range, between 72.24
and 81.83 mol%.

The Mg concentration in the carbonates is relatively low, ranging from 1.93 to 16.91 mol%. The
general pattern of Mg concentrations in pedogenic carbonates highlights relatively high
concentrations in PO1 and P02, ranging from 3.16 to 16.91 mol%, while carbonates from P03 and

P04 have concentrations below 2.54 mol%.
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Table 8.2. Ca, Mg, REEs concentration and fractionation indices of REEs in the carbonates

Mg Ca LREEs HREEs YREEs
Profile | Samples Moo e ket LREEs/HREEs 6Ce 6Eu (La/Yb)y (La/Sm)n (Gb/Yb)n
NdOo1 9.00 42.15 | 24.55 5.55 30.10 4.42 0.72 134 0.50 0.69 0.92
Nd02 10.70 | 60.19 | 61.97 15.56  77.52 3.98 0.57 114 0.58 0.67 1.16
PO1 Nd03 16.91 | 49.72 | 27.15 9.42 36.57 2.88 0.57 120 0.33 0.59 0.82
Ndo4 6.04 | 5863|2268 712 2981 | 313 078 125 0.29 0.62 0.67
Ps 3.58 35.06 | 87.53 3464 12217 | 253 040 1.14 0.35 0.46 1.17
NdO05 6.95 72.47 | 30.69 9.69 40.38 3.17 0.23 1.26 0.54 0.63 1.16
P02 Nd06 3.64 70.09 | 166.65 33.91 200.55 | 4.91 0.10 122 135 0.86 191
Nd07 3.16 70.84 | 157.64 26.92 184.56 | 5.86 0.11 123 1.68 0.87 2.07
Nd08 1.93 81.83 | 42.37 13.54 55.92 3.13 0.22 117 0.62 0.81 1.17
Nd09 2.24 77.69 | 61.87 20.01 81.88 3.09 0.18 1.18 0.59 0.75 1.15
PO3 Nd10 2.29 78.33 | 55.58 18.30 73.88 3.04 0.17 119 0.58 0.74 1.14
Nd11 1.97 80.88 | 37.73 11.26  48.99 3.35 0.26 119 0.57 0.71 1.10
Nd12 2.15 72.51 | 142.44 35.89 178.33 | 3.97 0.18 1.24 0.83 0.76 1.39
Nd13 2.34 72.24 | 34.84 12.23  47.08 2.85 0.31 128 042 0.61 0.97
Nd14 2.14 77.53 | 25.33 8.37 33.69 3.03 0.24 127 0.51 0.68 1.05
P04 Nd15 2.54 70.96 | 41.80 13.39 55.19 3.12 0.32 129 0.46 0.58 1.07
Nd16 2.25 74.12 | 57.66 18.14 75.80 3.18 0.18 1.27 0.56 0.59 1.24
Nd17 2.31 78.02 | 80.26 28.79 109.05 | 2.79 0.09 125 0.50 0.64 1.05

8.3.3. REE:s in the soil profiles

The concentrations of each REE in the studied sections are presented in Appendix 8.2, while

summarised indices are presented in Table 8.3.

The general pattern highlights a profound variation in REEs concentration and indices. Y REEs

vary from a minimum of 34.28 mg kg™' to a maximum of 82.37 mg kg™!. HREEs ranges from 4.39

mg kg' to 13.34 mg kg!, while LREEs ranges from 29.75 mg kg' to 69.03 mg kg, and

LREEs/HREEs ranging from 4.06 to 7.48. Cerium anomalies vary from 0.71 to 1.17, while dEu

are all above 1, ranges from 1.20 to 1.59. (La/Yb)n and (La/Sm)n both has values below 1, ranging

from 0.39 to 0.84 and from 0.50 to 0.80, respectively. (Gb/Yb)x on the other hand are mostly

characterised by close or above 1, ranging from 0.90 to 1.45.
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Variation across each profile shows a more contrasted pattern. PO1, P02 and P04 show relatively
low REEs abundance as compared to P03. Y REEs ranges from 37.42 mg kg 'to 65.68 mg kg™,
from 37.22 mg kg™ to 69.45 mg kg™ and from 34.28 mg kg! to 70.05 mg kg!, respectively in PO1,
P02 and P04. YREEs in P03 on the other hand vary from 42.60 mg kg™ to 82.37 mg kg™!. LREEs
follows the same pattern as Y REEs, while the gaps in HREEs abundance not significantly
pronounce between P01, P03 and P04. HREEs ranges from 5.74 mg kg to 12.88 mg kg!, from
6.49 mg kg'! to 13.34 mg kg'! and from 4.53 mg kg! to 11.39 mg kg'!, respectively in P01, P03
and PO4. HREEs in P02 ranges from 4.39 mg kg! to 9.85 mg kg™!.

Vertical/Depth variations in the LREEs/HREEs across the different profiles, on the other hand,
highlight similar variations between the different profiles. LREEs/HREEs range from 4.06 to 5.52
in P01, from 5.36 to 7.48 in P02, from 4.87 to 6.72 in P03, and from 5.15 to 6.57 in P04.
Comparable pattern is observed in 6Ce and dEu variations. 6Ce ranges from 0.75 to 1.00, from
0.73 to 1.01, from 0.71 to 1.13, and from .076 to 1.17, respectively for PO1, P02, PO3 and P04.
OEu ranges from 1.28 to 1.59 in P01, from 1.27 to 1.42 in P02, from 1.20 to 1.41 in P03, and from
1.25to 1.44 in PO4.

(La/Yb)n, (La/Sm)n and (Gb/Yb)n show contrasting variations from one profile to another.
(La/Yb)n in PO1 has relatively low values ranging from 0.39 to 0.61, while the values for P02, P03
and P04 range from 0.61 to 0.79, 0.50 to 0.72 and 0.56 to 0.70, respectively. (La/Sm)n varies from
0.51 to 0.71 in PO1, from 0.61 to 0.79 in P02, from 0.65 to 0.77 in P03 and from 0.64 to 0.80 in
P04. (Gb/Yb)n varies from 0.90 to 1.08 in PO1, from 0.98 to 1.45 in P02, from 0.91 to 1.13 in P03

and from 0.98 to 1.04 in P04.
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Table 8.3. Concentration of REEs and fractionation indices of REEs in the studied soil profiles

LREEs HREEs  YREEs
Profile | Horizon e ke LREES/HREEs  &6Ce S6Eu (La/Ybjy  (La/Sm)n (Gb/Yb)n
Al 31.68 5.74 3742 | 559 078 141 061 0.71 0.97
AB 3553 658 4211 | 540 079 136 0.59 0.67 0.99
Bk1 44.51 8.66 53.17 5.14 0.82 131 0.57 0.64 1.04
Bk2 4478 8.71 53.49 5.14 0.85 1.38 0.55 0.65 1.01
BC 3895 754 4650 | 516 0.86 145  0.54 0.65 0.99
c1 3321 6.13 39.34 | 541 081 133 059 0.69 0.98
AB1b 3836 7.01 4537 | 548 087 142 057 0.68 0.97
POl Bkkb 36.91 8.83 45.74 4.18 0.82 1.34 0.42 0.58 0.92
CB1b 4256 866  51.22 | 491 1.00 159 0.6 0.60 0.90
CB2b 52.05 11.36 63.42 4.58 0.95 1.44 0.44 0.55 0.98
CB3b 52.33 12.88 65.21 4.06 0.93 1.42 0.39 0.50 1.00
AB2b 53.78 11.90 65.68 4.52 0.84 1.39 0.48 0.54 1.08
CB4b 51.58 11.10 62.69 4.65 0.82 1.36 0.50 0.56 1.06
AB3b 50.48 11.24 61.72 4.49 0.75 1.28 0.50 0.57 1.08
Al 37.01 6.51 43.52 5.68 0.73 1.37 0.69 0.79 0.98
Cc1 34.56 6.45 41.00 5.36 0.77 1.35 0.59 0.68 0.99
ABb 4390 7.39 51.29 5.94 0.85 1.27 0.66 0.70 1.07
002 BC1b 3939 646 4586 | 6.09 0.80 127 0.72 0.73 1.08
BCkkb 3126 535 3662 | 584 090 129 0.63 0.67 1.04
BC2b 35.50 5.92 41.42 6.00 0.96 1.35 0.61 0.61 1.08
BCkb 59.60 9.85 69.45 6.05 0.71 1.33 0.84 0.61 1.45
BC3b 32.83 4.39 37.22 7.48 1.01 1.42 0.74 0.67 1.07
Al 4575 827 5402 | 553 0.80 140 0.63 0.69 1.06
AC 55.44 1061 66.05 | 572 0.82 141 059 0.66 1.06
Cc1 36.11 6.49 42.60 5.57 0.71 1.28 0.69 0.70 1.13
c2 55.69 11.43 67.11 4.87 0.81 1.37 0.50 0.62 0.95
Po3 ABtb 69.03 13.34 82.37 5.18 0.83 1.28 0.58 0.65 1.07
Btb 56.70 8.79 65.49 | 6.45 087 121 072 0.77 1.06
BCkkb 46.99 7.45 54.45 6.30 0.98 1.23 0.67 0.74 1.04
BCkb 4730 7.04 54.35 6.72 1.13 1.20 0.59 0.70 0.91
Al 42.25 6.82 49.07 6.20 0.81 1.39 0.70 0.80 0.98
AC 4058 7.86  48.44 | 516 076 146 057 0.65 0.99
ABb 5866 11.39 70.05 | 515 080 139 0.58 0.65 1.06
P04 Btlb 48.61 9.30 57.91 5.22 0.83 1.36 0.56 0.65 1.00
Bt2b 33.35 5.37 38.72 6.21 0.84 1.25 0.69 0.74 1.02
BCkkb 30.96 5.45 36.41 5.68 0.88 1.28 0.63 0.70 1.04
BCkb 29.75 453 3428 | 657 117 144 059 0.64 0.98
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Normalised REEs profiles relative to UCC are shown in Fig. 8.2. The general trend of the four
studied profiles (P01-P04) is similar. They are generally characterised by a positive slope on
LREEs side (La-Eu), while the slope is almost flat on the HREE side. However, horizon BCkb of

P02 is an exception, with steeper slopes on both the left and right sides.
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Fig. 8.2. Patterns of REEs in each of the studies soil profiles
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8.3.4. REE:s in the pedogenic carbonates

The abundance of REEs and their associated indices within the studied carbonates are presented
in Table 8.2. These carbonates exhibit a broader range than the surrounding soil matrix. ) REEs
are between a minimum of 29.81 mg kg!, lower than that observed in the soil matrix and a
maximum 200.55 mg kg™!, significantly higher than those in the bulk soil. LREEs range from 22.68
mg kg to 166.65 mg kg™!, while HREEs range from 5.55 mg kg™ to 35.89 mg kg!. LREEs/HREEs
is between 2.53 and 5.86.

The 8Ce in carbonates is characterised by values significantly below 1. They are range from 0.09
to 0.78. Although dEu values are characterised by values above 1, they are within a narrower range
than that of the bulk soil matrix, varying between 1.14 and 1.34.

In contrast to (La/Yb)n values all below 1 observed in the soil matrix, (La/Yb)x in carbonates
range from 0.29 to 1.68, while (La/Sm)~ have values below 1. The values observed are even in a
similar range than that in the soil, range from 0.46 to 0.87. (Gb/Yb)n on the other hand is mostly
characterised by values above 1, with a maximum value of 2.07. Furthermore, some carbonates,
especially NdO1 (0.92), Nd03 (0.82), Nd04 (0.67) and Nd13 (0.93) are all recorded values below
1.

Patterns of REEs in the carbonates along each profile are presented in Fig. 8.3. PO1 samples exhibit
a consistent, sub-parallel fractionation trend characterised by a steady increase from LREEs toward
HREE:s. This positive slope is punctuated by a prominent and sharp negative Cerium anomaly
across all profiles, where normalised values drop significantly below the neighbouring La and Pr.
Additionally, subtle positive inflections are observed at Eu and Gd before the curves plateau in the
HREE region. While the overall morphology of the patterns remains uniform across the dataset,

the concentrations vary, with sample Ps displaying the highest enrichment, exceeding the UCC
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reference line for most of the series, whereas the NdO1, Nd03, and Nd04 samples remain
consistently depleted relative to UCC.

P02 samples show a sharp, overall increase within the LREE group, rising from the initial light
elements to a distinct maximum at Eu. This LREE segment is interrupted by a significant and deep
negative Cerium anomaly, which marks the absolute minimum across the entire series. Within the
HREE group, the profiles exhibit a consistent and gradual negative slope, with normalised values
decreasing steadily from Ga through to Lu. Consequently, the transition between these two groups
is defined by a peak, with the Nd06 and NdO7 samples remaining largely enriched relative to the
UCC, while the NdO5 profile follows a parallel but consistently depleted trend.

P03 and P04 profiles exhibit striking similitudes, both displaying a "plateau-like" morphology
characterised by a steep upward gradient in the LREE group followed by a remarkably stable,
near-horizontal trend across the HREE group. In both datasets, the LREE segment is defined by a
sharp rise that culminates at a distinct Eu peak, though this progression is consistently interrupted
by a deep, V-shaped negative Ce anomaly representing the absolute minimum for every sample.
The HREE regions for both P03 and P04 show negligible internal fractionation, with the
normalised values remaining sub-parallel to the UCC reference line throughout the Dy—Lu range.
Furthermore, both profiles share a similar hierarchy of enrichment, featuring a single dominant
sample (Nd12 in PO3 and Nd17 in P04) that sits largely above the UCC line, while the remaining

samples in each set cluster together in a more depleted range.
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Fig. 8.3. Patterns of REEs in the pedogenic carbonates.

8.3.5. Principal component analysis

The results of the PCA examined the relationships between REEs concentrations and indices, and

physico-chemical properties in bulk soil are summarised in Table 8.4 and Fig. 8.4 (a - c). As

presented in Table 8.4, PCA reveals that approximately 68% of the total variance in the dataset is

explained by the first three dimensions. The first dimension (29.43%) is primarily driven by REEs

abundance and fractionation parameters, specifically HREEs, > REEs and LREEs/HREEs. The
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second dimension (23.84%) identifies the soil’s physico-chemical environment as a major factor,
with SOM, clay content, pH, and eqCaCOs3 acting as the dominant variables. Finally, the third
dimension (14.64%) highlights characteristics, such as the (Gd/Yb)n and 6Eu. Together, these
results indicate that while the absolute concentration of REEs is the primary differentiator (Dim.
1), the soil's’ matrix properties (Dim. 2) and the specific internal fractionation patterns (Dim. 3)

provide separate, significant layers of geochemical information.

Table 8.4. Contribution of each variable to the first three dimensions of PCA of soil profiles.

Dim.1 Dim.2 Dim.3
6Ce 0.49 5.60 4.61
SEu 1.53 0.00 17.32
LREEs 13.88 1.41 7.75
HREEs 19.32 0.38 1.36
SREES 15.36 1.16 6.22
LREEs/HREEs 12.56 0.19 3.71
(La/Yb)x 9.29 1.90 17.24
(La/Sm)x 10.39 7.35 1.20
(Gb/Yb)n 0.01 0.23 32.06
pH(H20) 0.90 13.66 0.90
EC 1.53 10.24 3.49
oM 0.00 20.47 0.58
EqCaCO3 0.50 13.25 1.79
Clay 2.74 16.59 0.22
Silt 4.40 0.79 1.55
Sand 7.08 6.77 0.00
Eigenvalue 4.58 3.71 2.28
% of variation 29.43 23.84 14.64
% of accumulated variation 29.43 53.28 67.91

Correlation matrix (Fig. 8.4a) and the individual boxplot (Fig. 8.4b) form by the two first
dimensions represent 53.28% of the total variance. The variable factor map reveals three distinct
clusters of geochemical drivers. The first cluster, aligned heavily with the positive axis of Dim1

(29.4%), consists of ) REEs, HREEs, and LREEs, indicating that this dimension primarily reflects
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the total concentration flux of these elements. Opposing this on the negative Dim1 axis are the
fractionation ratios LREEs/HREEs, (La/Yb)n, and (La/Sm)n, demonstrating that as total REE
abundance increases, the relative dominance of light elements tends to decrease. The second major
grouping is found along the positive Dim2 (23.8%) axis, where pH(H20), eqCaCOs3, and EC
cluster together alongside the 6Ce. Finally, the negative Dim2 axis is dominated by SOM and Clay,
which are inversely related to the carbonate indicators. Moreover, abundance of REEs (3> REEs,
HREESs, and LREEs) forms an acute angle with the clay vector, although this angle is notably
greater than 60°. This geometric alignment reveals a positive correlation. In contrast, the
abundance of REEs forms an oblique angle with the eqCaCOs3 group (including pH and EC). This
near-orthogonal to obtuse relationship suggests that the total concentration of REEs is poorly
correlated to the carbonate content in these soil sections.

The biplot highlights a disparate distribution of individuals, which are scattered across the entire
surface of the diagram. Nevertheless, certain significant relationships between the samples and
variables can be observed. Horizons with identified carbonate features (Bkkb, BCkkb, BCkb) are
mostly aggregated with the eqCaCOs3 group. Furthermore, horizons with a high clay content (C2,
ABb and Btlb in P03; AC and ABI1tb in P04) are projected around the REEs abundance group.
Principal component analysis results on carbonates are presented in Table 8.5 and Fig. 8.4 (b and
d). As reveals by the Table 8.5, the three first dimensions carry 87.51% of the total variation, which
is quite significant. Dimension 1 is the primary driver of variance (53.54%), dominated by REE
concentrations (3 _.REEs, LREEs) and heavy-end fractionation indices like (Gd/Yb)n. Dimension 2
(18.18%) shows a distinct shift toward Mg (28.99%) and Ca (18.47%), alongside the
LREEs/HREEs and 6Ce. Dimension 3 (15.80%) is uniquely characterised by the highest

contribution from dEu at 23.65% and a significant contribution from Ca and HREEs.
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Table 8.5. Contribution of each variable to the first three dimensions of PCA of carbonates.

Dim.1 Dim.2 Dim.3
6Ce 9.69 15.72 0.78
S8Eu 1.16 0.40 23.65
LREEs 14.41 0.25 6.45
HREEs 11.19 1.64 15.65
YREEs 14.01 0.03 8.11
LREEs/HREEs 6.63 23.63 6.57
(La/Yb)y 13.30 6.41 3.73
(La/Sm)n 8.46 1.58 14.29
(Gb/Yb)n 14.90 2.88 0.22
Mg 3.57 28.99 1.75
Ca 2.67 18.47 18.80
Eigenvalue 5.56 1.89 1.64
% of variation 53.54 18.18 15.80
% of accumulated variation 53.54 71.72 87.51

The correlation circle (Fig. 8.4b) reveals three distinct geochemical groupings based on their
orientation within the factor space. The first group, clustered tightly on the positive side of Diml1,
consists of total REE abundance (3> REEs, LREEs) and fractionation indices (Gb/Yb)n and
(La/Yb)n, indicating these variables are highly positively correlated and drive over half of the total
variance. In contrast, 6Ce and Mg are positioned on the negative side of Dim1 and the positive
side of Dim2, suggesting an inverse relationship with the main REEs group. A third notable
grouping appears in the lower-right quadrant, where Ca and HREEs are positively correlated with
each other but negatively correlated with the Mg-rich group. 6Eu remains relatively central,
reflecting a lower contribution to the first two dimensions compared to other variables.

The biplot (Fig. 8.4d) reveals some key relationship between variables and samples. Nd07, Nd06,
and Nd12 are characterised by high positive coordinates on Diml1, aligning with the cluster
containing Y REEs, LREESs, and fractionation indices such as (Gd/Yb)n. In contrast, a distinct
group of individuals located in the upper-left quadrant, including NdO1, Nd03, and Nd04, shows

an association with 8Ce and Mg. The lower half of the plot features a high density of samples
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(NdO8 to Nd11 and Nd13 to Nd17) that align with the negative loading of Ca and HREEs on Dim2.

Samples like NdO5 and Ps are positioned near the origin, indicating a minimal contribution.
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8.4. Discussion

8.4.1. REE signatures of pedogenic carbonates and their controls

The results of this study clearly highlight significant differences in REE concentrations and indices
between pedogenic carbonates and the bulk soil matrix. For instance, the maximum ) REE in the
soil matrix reaches 82.37 mg kg'!, whereas carbonate samples e.g., NdO7 shows a concentration
of 200.55 mg kg!. PCA further reveals contrasting geochemical behaviours between the soil
matrix and carbonates.

In the bulk soil, the correlation circle (Fig. 8.4a) shows opposite trends between total REE
abundance and fractionation indices. The group associated with eqCaCOs3 contributes only weakly
to total REE concentrations, whereas clay content strongly influences REE enrichment. The biplot
(Fig. 8.4c) confirms the dominant contribution of clay-rich horizons (ABtb and C2 in P03; ABb
and Btlb in P04) to total REE concentrations. This observation may appear surprising, as previous
work had demonstrated that calcification represents the dominant pedogenic process in the studied
landscape, whereas chemical weathering and clay formation remain limited (Dina Ebouel et al.,
under review a). However, this pattern is consistent with the broader understanding that clay
formation and soil organic matter complexation exert stronger controls on REE enrichment in soils
than carbonate accumulation (Dina Ebouel et al., 2025a).

In contrast, PCA of pedogenic carbonates shows that total REE abundance varies in the same
direction as fractionation indices (Fig. 8.4b). Calcium exerts a strong influence on REE abundance
in carbonates, particularly for HREEs, whereas Mg and 6Ce display opposite trends. These results
indicate a successful isolation of a carbonate-specific REE signal associated with pedogenic
carbonate formation processes. As reported in previous studies (Hum et al., 2026; Valera-

Fernandez et al., 2020) , pedogenic carbonates are typically characterised by HREE enrichment, a
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pattern that is also evident in the UCC-normalised REE distributions of the carbonate analysed in
this study (Fig. 8.3).

While the strong influence of Ca on REE abundance is consistent with previous work suggesting
that pedogenic carbonate formation involves incorporation of REEs within the crystal lattice
(Laveuf and Cornu, 2009), an important caveat merits explicit consideration. Given the trace-
element nature of REEs, minor occluded secondary phases (clay or Fe-Mn oxyhydroxides) could,
even at low abundance, disproportionately contribute to the bulk REE signal observed in the
carbonate features. To evaluate this possibility, a correlation matrix was computed among Ca, Mg
concentrations and REE indices in the carbonate features (Appendix 8.3). This reveals only a weak
relationship between Ca content and total REE abundance (r = 0.1), which is inconsistent with a
simple dilution model in which REE enrichment would scale inversely with carbonate purity as
occluded, REE-enriched impurities decrease with increasing Ca content. Furthermore, in contrast
to the LREE-enriched pattern that characterises the clay-dominated bulk soils (Figure 8.4a), the
pedogenic carbonates display a consistent HREE-enriched pattern, which argues against a
dominant contribution of detrital clay occlusions to the carbonate REE abundance. Together, these
indirect lines of evidence favour crystalline incorporation as the principal control on the REE
signatures reported here. Nonetheless, these geochemical arguments alone cannot formally
exclude a contribution from occluded Fe-Mn oxyhydroxides, as invoked in the previous chapter.
This could impart a comparable HREE-enriched, Ce-depleted signature. Further petrographic
characterisation, such as scanning electron microscopy, will be required to conclusively resolve
the site of REE incorporation within these carbonates.

Comparison among the studied soil profiles also reveals marked differences in total REE

abundances. P01, P02 and P04 exhibit relatively low REE concentrations compared with P03, most
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likely reflecting lithological variability. The landscape is underlain by an alternation of sandstone,
mudstone and basaltic rocks belonging to the Karoo Supergroup (Dina Ebouel et al., under review
a; Smith 1984). Numerous studies have demonstrated that the absolute abundance of REEs in soils
is primarily controlled by the parent material, which determines the initial REE signature inherited
by the soil matrix (Alfaro et al., 2018; Sababa et al., 2021; Temga et al., 2021). This lithological
influence also extends to REE concentrations in pedogenic carbonates. The PCA biplot (Fig. 8.4d)
indicates that Nd12 from P03 exerts strong influence on the overall REE trend.

In addition to lithological control, seasonal watercourses likely play a key role in shaping the
observed REE distribution. These systems promote the reworking of local rock fragments during
episodic depositional events and facilitate the mobilisation and enrichment of elements from soil
solutions (Dina Ebouel et al. 2025b; Dina Ebouel et al., under review b). Such hydrological
processes likely explain the particularly high REE concentrations observed in carbonate samples
Nd06 and NdO7. Moreover, the consistency of dEu between the bulk soil and the carbonates
supports a common lithogenic origin, as Eu anomalies are typically controlled by the primary

mineralogical composition of the parent material (Sousa et al., 2022).

8.4.2. REEs in pedogenic carbonate as indicator of redox and environmental conditions

The integration of REE signatures with stable isotope data (5'°C, §'®0) and Mn/Fe ratios provides
a refined understanding of the mechanisms controlling pedogenic carbonate precipitation along
this landscape. Previous work by Dina Ebouel et al. (under review c) showed that the stable isotope
composition reflects a relatively stable regional environmental framework, with §'°C values
consistent with a persistent C3-C4 mixed savannah ecosystem and 5'*0 values suggesting limited
hydroclimatic variability. In contrast, Mn/Fe ratios reveal strong local heterogeneity associated

with transient redox conditions linked to episodic soil saturation and fluvial pulses. Within this
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context, the certum anomaly (6Ce) identified in the present REE dataset provides a particularly
sensitive indicator of the immediate geochemical conditions prevailing during carbonate
precipitation.

The negative Ce anomaly observed in the pedogenic carbonates likely reflects oxidising conditions
in the soil environment prior to carbonate formation (Dietrich et al., 2021). Cerium is unique
among the rare earth elements because it can be oxidised from Ce** to the less soluble Ce*", which
readily precipitates or becomes preferentially scavenged by Fe—Mn oxyhydroxides (Davranche et
al., 2005; Li et al., 2023). As a result, soil pore waters become relatively depleted in Ce compared
with neighbouring REEs. Carbonates precipitating from these solutions therefore incorporate
proportionally less Ce, producing a negative Ce anomaly.

Unlike Mn/Fe ratios, which display strong local heterogeneity across samples a pronounced
negative Ce anomaly is consistently observed in all analysed carbonates (PO1-P04), reaching
extreme depletion in samples such as Nd06 (6Ce = 0.10). This contrast is consistent with the
fundamentally different redox behaviour of Ce relative to Fe and Mn. Once oxidised to the less
soluble Ce**, Ce is removed from the soil solution, whether through direct precipitation as cerianite
(CeO2) or through scavenging onto Fe—-Mn oxyhydroxides. This depletion typically persists in the
regolith even as the remaining trivalent REEs continue to be mobilised (Braun et al., 1990).
Because REEs are incorporated into the calcite lattice via substitution for Ca?*, with partition
coefficients that are comparatively high and broadly uniform across the REE series (Webb and
Kamber, 2000; Zhong and Mucci, 1995). The pronounced Ce depletion recorded in the carbonates
is unlikely to result from differential incorporation kinetics during crystal growth. Rather, it more
plausibly reflects the cumulative oxidative history of the parent soil solution, imprinted prior to

precipitation, rather than requiring carbonate formation itself to be short-lived or episodic.
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However, this interpretation remains provisional: as noted in Section 8.4.1, the internal
microtextural distribution of Fe—Mn oxyhydroxides within the nodules, and hence the specific
pathway through which Ce depletion is imprinted and preserved, has not yet been directly
confirmed petrographically, and represents a priority for future work.

Expanding beyond the stable isotope signals discussed in Dina Ebouel et al. (under review c),
which primarily reflect evaporation and the isotopic composition of recharge waters, the REE data
provide a complementary, process-based perspective on carbonate genesis. Rather than reflecting
the composition of the bulk soil matrix, from which it is expected to differ even under equilibrium
conditions owing to preferential REE fractionation during solid—solution exchange (e.g., clay-
controlled LREE retention, oxidative Ce scavenging; Section 8.4.1), the carbonate REE signature
instead records the composition of the pore-water solution at the time of precipitation. The
pronounced and consistent Ce depletion, together with the marked LREE/HREE fractionation
revealed by UCC-normalised patterns (Fig. 8.3), indicates that this pore-water solution was itself
highly evolved, having already undergone substantial, largely irreversible REE fractionation prior
to, rather than during, carbonate precipitation.

Consequently, the observed REE fractionation cannot be explained simply as a by-product of
progressive evaporative concentration, since evaporation alone would not selectively deplete Ce
or fractionate LREE from HREE. Rather, these patterns are best explained by the redox-driven,
largely irreversible evolution of the soil pore-water solution described above (Section 8.4.2), which
imprints a distinctive geochemical signature on the carbonate irrespective of whether precipitation
itself occurred rapidly, following discrete rainfall events, or more gradually, over the course of
seasonal wetting—drying cycles. Both scenarios are broadly consistent with the semi-arid climate

of the region, characterised by fluctuating redox conditions associated with wetting—drying cycles.

366



However, it is impossible to distinguish between them using the resolution provided by the current
ERE dataset. This would require independent textural or petrographic evidence (e.g. growth bands,

microstratigraphy), which we consider to be a priority for future work.

8.4.3. Pedogenic vs. lithogenic origin: A high-resolution approach

As opined by Laveufand Cornu (2009), pedogenic carbonates can be distinguished from lithogenic
carbonates based on their REE fractionation patterns, particularly the LREE/HREE ratio and the
cerium anomaly. Pedogenic carbonates are typically characterised by a negative cerium anomaly
and a relative enrichment in HREEs compared with LREEs. This geochemical signature has been
documented in several previous studies and is considered diagnostic of pedogenic carbonate
formation (Dietrich et al., 2021; Hum et al., 2026; Valera-Fernandez et al., 2020).

In this study, all the carbonates have negative cerium anomalies together with HREE enrichment.
These fractionation patterns therefore support a pedogenic origin for the carbonates rather than a
lithogenic or sedimentary source. This result further demonstrates that a small-scale approach
focusing on individual carbonates forms allows the origin of carbonates to be reconstructed using
REE signatures as a geochemical fingerprint. At the scale of the soil profile, however, this signal
may be partially obscured by other pedogenic processes, which tend to homogenise the REE
composition of the bulk soil (Dina Ebouel et al., 2025a).

Despite this common pedogenic signature, it remains difficult to establish a clear distinction
between the carbonate forms based solely on their stage of development or morphology. As
illustrated by the biplot in Fig. 8.4d, the main variations in REE signatures among the carbonates
are instead related to the relative abundance of Ca and Mg, which likely reflects differences in
lithology. Carbonates from profile PO1, including both nodules and pseudomycelia, are

characterised by relatively high Mg contents and comparatively low REE concentrations. In
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contrast, carbonate forms from the other profiles exhibit a relative enrichment in Ca together with
higher REE abundances, suggesting that lithological controls exert a stronger influence on REE
distribution than the morphological type of the carbonates.

Overall, there is a finding that pedogenic carbonates possess REE signatures distinct from those
of the surrounding soil matrix. Whereas REE enrichment in the bulk soil is mainly controlled by
clay-rich horizons, carbonates exhibit coupled variations between REE abundance and
fractionation indices, together with a characteristic HREE enrichment. Variations in absolute REE
concentrations among profiles primarily reflect lithological differences within the Karoo
Supergroup, with additional influence from local hydrological reworking. The systematic negative
Ce anomalies recorded in the carbonate samples indicate oxidising conditions during carbonate
formation and emphasise the sensitivity of REE signatures to short-lived geochemical conditions.
Collectively, these patterns confirm the pedogenic origin of the carbonates and demonstrate that
REE distributions preserved within individual carbonate structures provide a robust geochemical

fingerprint of their formation processes.

8.5. Conclusions

This study demonstrates that rare earth element signatures provide a useful geochemical
framework for disentangling the processes controlling carbonate accumulation in semi-arid soils.
The contrasting behaviour observed between the bulk soil matrix and discrete carbonate forms
highlights that REE distributions recorded at the scale of individual pedogenic structures capture
geochemical signals that may be obscured in bulk soil analyses. The systematic cerium depletion
and HREE enrichment identified in the carbonates indicate precipitation from oxidised soil
solutions that evolved during episodic wetting—drying cycles. At the landscape scale, variations in

absolute REE concentrations further reflect the influence of parent lithology and local hydrological
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redistribution along the seasonal drainage system. These results emphasise the importance of
combining micro-scale carbonate sampling with REE geochemistry to better constrain carbonate
formation pathways in pedosedimentary environments. Such an approach contributes to improving
the identification of pedogenic carbonates and offers new perspectives for interpreting soil

inorganic carbon dynamics in semi-arid landscapes.
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Appendices

Appendix 8.1. Physico-chemical properties of the studied soil profiles.

Profile | Horizon | pH(H20) EC (dS/m) SOM (wt.%) EqCaCO; (wt.%)  Clay Silt Sand
Al 6.80 0.21 0.41 0.07 18 8 74

AB 7.55 0.22 0.31 0.10 19 10 71

Bk1 7.80 0.56 0.34 2.62 5 16 79

Bk2 7.95 0.56 0.24 6.35 5 21 74

BC 8.10 0.40 0.28 3.56 16 18 66

C1 8.30 0.28 0.21 1.62 10 6 84

AB1b 7.90 1.44 0.24 9.39 9 24 67

POl Bkkb 8.10 0.94 0.21 24.61 7 36 58
CB1b 8.00 0.87 0.28 0.92 9 27 64

CB2b 7.73 1.17 0.25 0.98 8 25 67

CB3b 7.80 0.81 0.24 0.57 6 13 81

AB2b 7.65 1.41 0.19 0.73 14 12 74

CB4b 7.70 1.00 0.19 1.05 12 13 75

AB3b 7.73 1.67 0.24 2.18 14 13 73

Al 6.90 0.35 0.52 0.22 12 14 74

C1 7.35 0.21 0.27 1.52 9 20 71

ABb 7.55 1.55 0.38 1.18 6 18 76

BC1lb 7.60 1.95 0.21 1.56 4 15 81

Po2 BCkkb 7.83 2.81 0.26 14.24 4 19 78
BC2b 7.85 2.50 0.19 1.96 4 15 81

BCkb 7.95 2.40 0.21 5.94 3 16 81

BC3b 8.40 0.34 0.28 0.29 14 20 66

Al 7.30 0.31 0.41 0.58 21 22 57

AC 7.60 0.26 0.34 2.44 25 28 47

C1 7.60 0.24 0.25 1.11 11 8 81

C2 7.77 0.38 0.34 1.70 31 25 43

Po3 ABtb 7.83 0.35 0.43 291 50 23 27
Btb 7.70 0.28 0.33 0.28 31 10 59

BCkkb 7.83 0.25 0.24 16.25 9 19 73

BCkb 7.80 0.22 0.21 4.00 5 19 76

Al 6.40 0.14 0.62 0.02 15 16 69

AC 6.80 0.25 0.34 0.07 17 18 65

ABb 7.40 0.37 0.43 1.73 39 18 43

P0o4 Btlb 7.30 0.78 0.48 0.50 33 22 45
Bt2b 7.35 0.41 0.36 0.29 22 6 72

BCkkb 7.53 0.42 0.24 21.09 4 22 74

BCkb 7.73 0.34 0.23 6.19 3 15 82
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Appendix 8.2. REEs concentration in the studied soil profiles.

Profile | Sample La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
mg kg*

POl Al 7.50 12.89 1.88 7.37 1.58 0.46 1.52 0.25 1.51 0.32 096 0.14 090 0.14
AB 8.23 14.44 211 8.39 1.84 0.52 1.75 0.28 1.74 0.36 109 0.16 1.03 0.16
Bkl 10.12 18.38 259 1040 236 0.65 233 0.38 231 0.48 143 020 131 o021
Bk2 9.95 18.94 258 1031 231 0.68 233 0.38 2.35 0.49 141 021 133 0.20
BC 8.65 16.61 223  8.87 1.98 0.62 2.00 0.33 2.05 0.42 1.21 0.18 1.18 0.17
C1 7.67 13.80 196 7.64 1.67 0.47 163 0.26 1.66 0.34 1.00 0.15 096 0.14
ABlb 8.65 16.47 2.17 858 1.92 0.57 1.85 0.30 1.90 0.38 1.13 017 111 0.17
Bkkb 8.10 15.06 216 8.90 2.08 061 223 0.37 2.38 0.51 151 0.22 140 o021
CB1b 8.74 19.59 227 9.02 2.20 074 219 0.38 2.38 0.48 141 021 140 o021
CB2b 10.56  22.93 288 1190 2.89 090 297 0.50 3.12 0.63 1.85 0.27 176 0.26
CB3b 10.38  22.54 291 1241 312 098 3.36 0.57 3.56 0.73 212 031 194 0.29
AB2b 1142 2211 312 13.03 3.5 095 3.24 0.54 3.26 0.66 1.90 0.27 174 0.28
CB4b 11.16  20.96 3.01 1261 297 0.87 3.01 0.49 3.01 0.62 1.81 0.26 1.65 0.26
AB3b 1142  19.42 3.03 1279 2.99 0.83 3.10 0.49 2.98 0.63 185 0.26 1.66 0.26

P02 Al 9.68 14.47 212 8.38 1.84 0.52 1.75 0.28 1.72 0.35 1.08 0.15 103 0.16
Cc1 8.14 13.86 2.07 8.19 1.79 0.50 1.72 0.28 1.71 0.35 106 0.16 1.01 0.16
ABb 10.09 18.68 2.50 9.88 2.17 0.57 2.06 0.32 1.96 0.40 118 0.17 112 0.18
BC1b 9.49 16.34 227 8.85 1.94 0.50 1.79 0.29 1.74 0.35 1.04 015 096 0.15
BCkkb 6.94 13.70 1.74 6.91 1.56 0.41 1.46 0.24 1.42 0.30 0.88 0.13 081 0.3
BC2b 7.31 16.04 1.98 7.87 1.81 0.49 1.64 0.27 1.62 0.32 092 0.13 088 0.14
BCkb 14.00 22.35 3.67 15.21 3.45 0.92 3.07 0.48 2.73 0.52 144 020 123 0.19
BC3b 6.75 15.45 1.81 6.90 1.52 0.41 1.24 0.20 1.19 0.23 065 0.10 0.67 0.11

P03 Al 10.77 18.74 268 10.52 2.34 0.69 2.29 0.36 2.20 0.45 134 019 125 0.20
AC 12.67 23.09 322 1269 2.90 0.87 290 0.46 2.86 0.59 1.72 025 158 0.25
C1 8.80 13.89 224 878 1.90 051 1.84 0.29 1.74 0.36 1.02 015 094 0.14
Cc2 12.56  22.83 327 1313 3.01 0.89  3.05 0.49 3.00 0.62 1.88 0.27 1.86 0.26
ABtb 15.80 28.83 393 1584 3.64 099 3.68 0.58 3.56 0.74 216 031 199 031
Btb 13.14 24.86 321 1227 257 0.65 247 0.38 231 0.48 140 0.20 135 0.20
BCkkb 1039 21.76 248 9.73 2.09 0.54  2.05 0.32 1.96 0.41 1.21 0.18 1.14 0.8
BCkb 9.50 23.70 239 9.18 2.04 049 1.85 0.30 1.83 0.38 115 0.18 117 0.18

Po4 Al 10.28 17.79 244 925 1.93 0.55 1.82 0.29 1.81 0.37 1.12 016 1.07 0.17
AC 9.48 16.06 245 9.73 2.20 0.67 2.10 0.34 2.09 0.43 1.29 019 123 0.19
ABb 13.48 23.89 343 1383 311 092 311 0.50 3.08 0.63 1.85 0.26 1.70 0.27
Btlb 11.08 20.25 280 1121 254 073 251 0.40 2.45 0.51 153 022 145 0.23
Bt2b 7.84 14.17 1.90 7.44 1.59 041 147 0.23 1.42 0.29 087 0.13 083 0.14
BCkkb 7.07 13.46 1.70  6.79 1.52 041 1.49 0.23 1.44 0.30 090 013 083 0.13
BCkb 5.69 15.02 1.50 5.83 1.33 039 1.20 0.20 1.22 0.25 074 011 071 o011
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Appendix 8.3. Correlation matrix between REE indices, Mg and Ca within carbonate features.
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CHAPTER NINE

Conclusions

9.1. Recapitulation of the problem statement and objectives

This thesis was driven by the need to tackle the "missing" parts of the global carbon budget,
particularly the often-ignored role of SIC in carbon sequestration. While global efforts have mainly
concentrated on SOC, the significant potential of drylands, which cover nearly 70% of the African
continent, is still largely absent from carbon accounting and climate policy. The main goal of this
research was to characterise and quantify SIC in Botswana’s landscapes, identify the main sources
of calcium using high-resolution geochemical tracers, and reconstruct the past environmental

conditions preserved in these carbonate records.

9.2. Synthesis of key findings

The research conducted across the diverse landscapes of Botswana produces several key insights
into the formation processes, the sources of calcium ions, and environmental significance of SIC.
Calcification is the predominant pedogenic process, with pedogenic carbonate accumulations
reaching concentrations of up to 22%, consistent with the substantial contribution of SIC to soil
carbon storage in semi-arid environments (Raheb et al., 2016).

The study also highlights contrasting geochemical pathways governing calcium mobilisation in
SIC across Botswana’s landscapes. In north-western Botswana (the Chobe enclave), calcium
originates primarily from the weathering of distal felsic rocks or from local lithogenic carbonate
accumulation, which is favoured by fluvial-lacustrine systems. Conversely, the fluvial landscapes

of central Botswana primary exhibit local lithogenic control, with calcium mainly supplied by the
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in-situ weathering of basaltic rocks (Stormberg lavas). This process provides a direct and efficient
pathway for the capture of atmospheric CO» through the formation of pedogenic carbonates.

This study establishes a transferable framework for predicting calcium mobilisation and SIC
formation across dryland systems. These results highlight that carbon sequestration processes in
drylands are highly context-dependent, and that effective carbon management strategies must
account for fundamental differences between geological contexts.

The ability to differentiate between the origins of carbonates using REEs depends strongly on the
resolution of the analytical approach. Regional-scale analyses based on bulk soil samples were
insufficient to clearly differentiate lithogenic carbonates dominated from pedogenic carbonates
dominated area. By contrast, high-precision analyses at the fluvial landscape scale, combined with
the isolation of carbonate features (nodules and pseudomycelia), effectively eliminate
environmental noise and reveal diagnostic fractionation patterns. These include HREE enrichment
and negative cerium anomalies in pedogenic carbonates.

Stable isotopic signatures (5'°C and §'80) preserved in pedogenic carbonates can be used to
reconstruct past vegetation dynamics and hydroclimatic conditions. Moreover, Mn/Fe ratio and
negative Ce anomalies of pedogenic carbonate highlighted act as a geochemical snapshot of brief
saturation followed by rapid desiccation. These demonstrate that pedogenic carbonates constitute
a robust long-term archive, particularly in regions where other terrestrial palacoenvironmental

proxies are limited or absent.

9.3. Significance and contributions

This thesis makes three key contributions with direct implications on land management and
sustainable development in dryland environment. From a methodological perspective, the study

demonstrates the value of integrating REEs with morphological and isotopic analyses to trace the
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origin of carbonates. This synergy provides a robust tool for refining carbon accounting
frameworks in the soils of these regions. From a theoretical point of view, this work challenges
the systematic overlooked of SIC. By revealing high prevalence of pedogenic carbonates in the
semi-arid area of Botswana, the thesis highlights the imperative to integrate this natural pathway
of carbon sequestration into climate change mitigation strategies. At the regional scale, the study
establishes the first comprehensive geochemical baseline analysis of SIC in Botswana, identifying
contrasting sequestration mechanisms between basaltic and sedimentary systems. This scientific
distinction justifies spatially tailored land management: to be effective, carbon conservation and
storage policies must be adapted to local geological contexts. Collectively, these findings provide
a scientific basis for the systematic integration of SIC into sustainable land-use planning and

climate governance frameworks in drylands.

9.4. Limitations of the study

Despite the high resolution of the geochemical data, some limitations remain. While spatial
contrasts between the Kalahari Basin and the Eastern Hardveld are considered, a fully
comprehensive account of variability across all of Botswana’s microclimates is not provided.
These microclimates are characterised by a complex geological background and subtle variations
in rainfall from south to north (Batisani & Yarnal, 2010). The study does not clearly establish the
carbon sequestration budget through pedogenic carbonate, nor does it account for all potential
contributors. This contrasts with certain analyses that consider all calcium input (Dietrich et al.,
2017). Moreover, the impacts of land use are not considered either. Furthermore, the lack of
absolute geochronological dating of the carbonate restricts the precise temporal correlation

between the identified palacoenvironmental changes and global climatic events.
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9.5. Perspectives and recommendations

Future research should aim to integrate real-time monitoring of CO> fluxes with static SIC
inventories to better understand the rate of modern carbon capture. These findings highlight the
need for the Botswana government to consider the SIC in land management and the development
of the National Carbon Market Framework. They also emphasise the importance for the African
Union to formally incorporate SIC into its strategic vision for sustainable development.
Furthermore, the high-resolution REE tracing method developed here should be applied to other
basaltic landscapes worldwide to improve the global model for enhanced rock weathering (ERW).
In conclusion, this thesis demonstrates that SIC is an active and quantifiable component of the
Earth’s climate regulation system. By transforming the "missing sink" of the African drylands into
a documented and quantifiable resource, this work provides a foundation for more equitable global

carbon strategies and a deeper understanding of Africa’s environmental systems.

382



References

Batisani, N., & Yarnal, B. (2010). Rainfall variability and trends in semi-arid Botswana: Implications
for climate change adaptation policy. Applied Geography, 30(4), 483-4809.
https://doi.org/10.1016/j.apgeog.2009.10.007

Dietrich, F., Diaz, N., Deschamps, P., Ngounou Ngatcha, B., Sebag, D., & Verrecchia, E. P. (2017).
Origin of calcium in pedogenic carbonate nodules from silicate watersheds in the Far North Region
of Cameroon: Respective contribution of in situ weathering source and dust input. Chemical
Geology, 460, 54—609. https://doi.org/10.1016/j.chemgeo.2017.04.015

Raheb, A., Heidari, A., & Mahmoodi, S. (2016). Storage of organic and inorganic carbon in arid-
semihumid soils: A case study of the rangelands of northwestern Iran. Soil Science, 181(11-12),

473-486. https://doi.org/10.1097/SS.0000000000000183

383



	Abstract
	Dedication
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	List of Appendices
	CHAPTER One
	1.1. Global Context: Climate Change and Carbon Neutrality
	1.2. The Terrestrial Carbon Cycle and the "Missing" Sink
	1.3. Regional Focus: The African Drylands
	1.4. Problem Statement and Research Gaps
	1.5. Research Objectives
	1.6. Methodology
	1.7. Structure of the Thesis
	References

	CHAPTER Two
	Abstract
	2.1. Introduction
	2.2. Trends in global SIC research in the last two decades (2003-2022)
	2.3. SIC formation pathways
	2.3.1. Abiotic soil carbonate precipitation
	2.3.2. Biotic soil carbonate precipitation

	2.4. Characterisation of soil inorganic carbon
	2.4.1. Macromorphological description
	2.4.2. Micromorphological description
	2.4.3. Stable isotope geochemistry
	2.4.3.1. Carbon stable isotopes
	2.4.3.2. Oxygen stable isotopes
	2.4.3.3. Clumped isotopes geochemistry

	2.4.4. Strontium isotope ratio (87Sr/86Sr) to trace calcium origin.
	2.4.5. Elemental geochemistry and mineralogy

	2.5. Quantitative techniques in soil inorganic carbon measurements
	2.5.1. Calcimetric method
	2.5.2. Dry combustion method
	2.5.3. Titration
	2.5.4. Spectroscopic methods
	2.5.5. Ramped combustion and Loss of ignition

	2.6. Soil inorganic carbon dynamics
	2.6.1. Soil inorganic carbon storage
	2.6.2. Pedogenic carbonate storage

	2.7. Modelling soil inorganic carbon
	2.8. Multidisciplinary applications of SIC
	2.8.1. Ecosystem services
	2.8.2.  Pedogenic carbonate and palaeoreconstruction
	2.8.3.  Geochronology
	2.8.4.  Geoarchaeology

	2.9. Critical knowledge gaps and future directions for SIC research
	2.10. Synthesis and Conclusion
	References

	CHAPTER Three
	Abstract
	3.1. Introduction
	3.2. Environmental setting
	3.3. Materials and methods
	3.3.1. Materials
	3.3.2. Laboratory analysis
	3.3.3. Data processing

	3.4. Results
	3.4.1. Soil pH and carbonate content
	3.4.2. Major elements
	3.4.3. Rare earth elements
	3.4.4. Relationships between REEs, calcium carbonate content, and pH
	3.4.5. Correlation between REEs and major elements

	3.5. Discussion
	3.5.1. Distribution of REEs
	3.5.2. Calcium carbonate, pH and REE as tracers of carbonate origin in the soils
	3.5.3. Influences of major elements on REE distributions in the studied soil profiles

	3.6. Conclusions
	References
	Appendices

	CHAPTER Four
	Abstract
	4.1. Introduction
	4.2. Geographical and environmental setting
	4.3. Materials and methods
	4.3.1. Field investigation and sampling
	4.3.2. Laboratory analyses
	4.3.3.1. Physicochemical soil characterisation
	4.3.2.2. Bulk and clay mineralogy
	4.3.2.3. Bulk geochemistry
	4.3.2.4. Data processing


	4.4. Results
	4.4.1. Morphological characterisation and physicochemical properties
	4.4.2. Bulk and clay mineralogy
	4.4.3. Geochemistry

	4.5. Discussion
	4.5.1. Implications for pedogenic processes and depositional environment
	4.5.2. Sediments Provenance and Weathering
	4.5.3. Calcium Origin and Pedogenic Carbonate Accumulation

	4.6. Conclusions
	References

	CHAPTER Five
	Abstract
	5.1. Introduction
	5.2. Environmental setting
	5.3. Material and methods
	5.3.1. Field investigations and sampling
	5.3.2. Laboratory analysis
	5.3.3. Data processing

	5.4. Results
	5.4.1. Morphological characterisation and physicochemical properties
	5.4.2. Particle size analysis and micromorphology of the selected sandy layers
	5.4.3. Geochemistry

	5.5. Discussion
	5.5.1. Sedimentary controls and depositional environments
	5.5.2. Pedogenic controls and processes
	5.5.2.1. Modern soils
	5.5.2.2. Buried palaeosols


	5.6. Conclusions
	References

	CHAPTER Six
	Abstract
	6.1. Introduction
	6.2. Environmental setting
	6.3. Material and methods
	6.3.1. Field sampling and sections description
	6.3.2. Mineralogical analyses
	6.3.3. Elemental geochemistry
	6.3.4. Data treatment

	6.4. Results
	6.4.1. Characterisation of soil parent materials and carbonate features
	6.4.2. Geochemistry

	6.5. Discussion
	6.5.1. Indices of the mafic lithology contribution to Ca furniture in carbonate features
	6.5.2. Calcium transfer and mobilisation pathways

	6.6. Conclusions
	References
	Appendices

	CHAPTER Seven
	Abstract
	7.1. Introduction
	7.2. Materials and methods
	7.2.1. Study site and sampling strategy
	7.2.2. Sample preparation
	7.2.3. Iron and manganese elemental analysis
	7.2.4. Stable isotope analyses

	7.3. Results
	7.3.1. Manganese and iron concentration in the sections
	7.3.2. Manganese and iron concentration in carbonate features
	7.3.3. Stable isotope of carbon and oxygen in carbonate features

	7.4. Discussion
	7.4.1. Vegetation dynamics and stable carbon isotopes in pedogenic carbonates
	7.4.2. Climate dynamics and stable oxygen isotopes in pedogenic carbonates
	7.4.3. Hydrological conditions and carbonate precipitation

	7.5. Conclusions
	References
	Appendices

	CHAPTER Eight
	Abstract
	8.1. Introduction
	8.2. Material and methods
	8.2.1. Study area
	8.2.2. Sampling strategy
	8.2.3. Analytical methods
	8.2.3.1. Physico-chemical properties of soil
	8.2.3.2. Elemental analysis

	8.2.4. Data treatment

	8.3. Results
	8.3.1. Physico-chemical properties of the soils
	8.3.2. Ca and Mg in Carbonates
	8.3.3. REEs in the soil profiles
	8.3.4. REEs in the pedogenic carbonates
	8.3.5. Principal component analysis

	8.4. Discussion
	8.4.1. REE signatures of pedogenic carbonates and their controls
	8.4.2. REEs in pedogenic carbonate as indicator of redox and environmental conditions
	8.4.3. Pedogenic vs. lithogenic origin: A high-resolution approach

	8.5. Conclusions
	References
	Appendices

	CHAPTER Nine
	9.1. Recapitulation of the problem statement and objectives
	9.2. Synthesis of key findings
	9.3. Significance and contributions
	9.4. Limitations of the study
	9.5. Perspectives and recommendations
	References




