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Weathering intensity and trace
elements (Ni, Sr, Zn, and Cr)
distribution in Vertisols
developed on basalt in a
semiarid environment:
agronomic implications
Peter N. Eze1,2*, Ferdinand J. Dina Ebouel1, Itumeleng Nkonga1,
Antje Musiol3, Anja M. Schleicher4, Christina Günter3

and Stefan Norra2

1Department of Sustainable Natural Resources, Botswana International University of Science and
Technology, Palapye, Botswana, 2Division of Soil Science and Geoecology, Institute of Environmental
Science and Geography, University of Potsdam, Potsdam, Germany, 3Institute of Geosciences,
University of Potsdam, Potsdam, Germany, 4Inorganic and Isotope Geochemistry, GFZ German
Research Centre for Geosciences, Section Inorganic and Isotope Geochemistry, Potsdam, Germany
Chemical weathering, a major geomorphic process, controls soil formation and

evolution at the Earth’s surface and is strongly influenced by prevailing

environmental conditions. In this study, three weathering soil profiles on a

prominent agricultural landscape in a semiarid environment, central Botswana,

were investigated to ascertain how parent material and pedogenic processes

influence soil geochemistry, especially trace element accumulation. The soils

were characterized on the basis of their macromorphological, physicochemical,

mineralogical, and geochemical properties via routine laboratory procedures. A

suite of 11 weathering indices was used to quantify chemical weathering,

whereas multivariate analysis was used to interpret the geochemical dataset

and detect affinity groups of samples and pedogenic properties. The soils are

generally deep (>100 cm) and predominantly fine-grained, given that 78% of the

samples had sandy clay loam to clay textures. The soils are alkaline, with pH

values ranging from 7.4-8.4. Silicon, Al, Fe, and Ca are the four most abundant

elements in the soils, and their variation within and between the pedons reflects

their mineralogical compositions: quartz, montmorillonite, quartz, calcite, and

palygorskite. The applied weathering indices (CIA, CIW, PWI, PIA, ICV, RR, VR, and

Rb/Sr ratios) indicate the soils are moderate to highly weathered. Most of the

indices had strong correlations and should not be applied synchronously in soils

developed from basaltic parent materials. Particle size distribution significantly

affected the weathering indices. The average aAlMg, aAlCa, aAlNa, aAlSr, aAlK,

aAlBa, and aAlRb values in the three pedons are 0.52, 0.66, 2.77, 1.91, 3.72, 1.21,

and 3.80, respectively. Factor analysis of the geochemical affinity confirmed that

clays and Fe–Mn oxide illuviation coupled with calcite nodule formation were the
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dominant pedogenic processes. Overall, the applied indices affirm that the soils

developed on a uniform parent material, with low-K basalt and high

concentrations of chromium. The distinct soil properties of Vertisols from

Serowe confirm that the soils are polygenetic given the increasing dryness of

the area.
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1 Introduction

The semiarid environments are home to an estimated 855 million

people and cover approximately 22.6 million km2 of the world’s land

surface (1), but most of their soils have inherently low fertility. Given

that soils consist of horizons of mineral and organic materials that

differ in their morphological, physical, chemical, and mineralogical

signatures from the parent materials, their biogeochemical behaviour

has long been linked to the nature and degree of weathering (2–4),

especially in soil profiles. At local and regional scales, chemical

weathering results in the release of trace elements and dissolved

base cations for plant nutrition and the neutralization of acid rain in

catchments. Also, environmental pollution by potentially toxic

elements can be remediated through preferential adsorption or

fixation by certain clay minerals or Fe oxide minerals, which are

themselves products of chemical weathering.

The quantification of chemical weathering and pedogenic

processes is important in dryland ecosystems because it provides

the basis for the sustainable use and management of soil resources.

The trace elements released into the soil environment during

chemical weathering serve as plant micronutrients, and

they function extensively for the physiological growth and

development of plants. Owing to limited precipitation, chemical

weathering in semiarid environments is generally not as intense as

that in other climatic zones, but it still controls the distribution and

mobility of elements on Earth’s surface (5). Soils are often

associated with variations in parent material and particle size

distribution (6), and this poses remarkable constraints in

assessing the intensity of chemical weathering.

Direct measurement of chemical weathering is difficult; as a

result, numerous indirect methods based on geochemical indices

have been proposed in the last thirty years. These indices are

generally based on mobile/immobile element ratios, e.g., the

Ruxton ratio (RR; SiO2/Al2O3); immobile/mobile element ratios,

e.g., the plagioclase index of alteration (PIA), chemical index of

alteration (CIA), and chemical index of weathering (CIW); and

mobile/mobile ratios, e.g., alkaline ratios. The Weathering Index of

Parker (WIP), on the other hand, is obtained from the atomic

proportions of mobile elements (7). Additionally, the alpha index

(aAlE) of Garzanti et al. (8) (aAlE = (Al/E)sample/(Al/E)UCC, where E

is a mobile element (Na, Ca, Sr, Mg, K, Ba or Rb) and the UCC
02
(upper continental crust) has also been used and even adjudged to

be better than the classical CIA and WIP (6). Since weathering

intensity varies across parent materials and grain sizes (attributes

typical of dryland soils), weathering indices may not always be

accurate (5, 9). Thus, location-specific testing of the applicability of

different geochemical indices and the governing factors behind

chemical weathering is critical for robust and accurate assessment

of chemical weathering. The loss of fertilizers, pesticides, and other

toxic organic and inorganic compounds through overland

conveyance and/or transmission along cracks and other

macropores in shrink-swell soils provides an opportunity for

unique insights into chemical weathering, trace element

distributions, and mineral assemblages in these soils under a

semiarid climate.

So far, only a few studies have focused on the chemical

weathering of Vertisols and vertic intergrades) developed in

dryland agro-ecosystems (6) and the depth distribution of trace

elements in these soils with unique morphologies. Vertisols

constitute the most intensively reference soil group used for

dryland farming in Botswana (10, 11) and often present severe

soil water management challenges due to their low saturated

hydraulic conductivities. It is common to find Vertisols in close

association with Calcisols, Vertisols, Gleysols and Cambisols.

Geopedological investigations report that the eastern Hardveld, in

relation to other parts of Botswana, has the most pedodiversity in

the country, but these soils are grossly under-studied (12). Like

other dryland ecosystems, Vertisols in central Botswana are highly

vulnerable to anthropogenic and environmental pressures (13),

which trigger changes in soil properties and processes. It is

estimated that 80% of Botswana’s human population lives in the

eastern Hardveld, which happens to be the hub of economic

activities, including agriculture and mining. However, no study

has assessed the chemical weathering intensity and depth

distribution of trace elements in the most abundant soils in the

Botswana. Previous studies on the soils have focused on land use

surveys (14), available soil moisture (15), and soil-vegetation

interactions (16). Thus, this study has three objectives: (i) to

characterize the soils on the basis of their physical, chemical and

mineralogical signatures; (ii) to quantify chemical weathering

intensity in the soils via different geochemical weathering indices;

and (iii) to inventory the native contents of trace elements
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(micronutrients) in the soils and explore the elemental

relationships. The outcome of this study will pave the way for an

improved understanding of pedogenesis (soil formation), landscape

evolution, and trace element behaviour for sustainable management

of soil resources and elsewhere in the world where similar soils exist.
2 Geographical and
environmental setting

This study was carried out in Serowe, central Botswana,

approximately 300 km northeast of the capital city, Gaborone.

Geographically, Serowe is located within 26°07´37´´ and 26°54´

10´´E and 22°14´10´´ and 22°30´33´´S (Figure 1). The

geomorphology of the study area is prominently characterized by

NNE-SSW sloping escarpment, which is divided into two parts: an

eastern Hardveld without sand cover and the Kalahari Sandveld.

The escarpment stands 90 to 150 m above the surrounding areas,

has a maximum elevation of 1260 m above sea level (17), and it

marks the eastern boundary of the Kalahari Basin.

The geology of the study area is composed of basalts of the

Stormberg series (to the south) and post-Karoo dolerites (to the

north), and Karoo sandstones and basalt are also found in the west

of the study area (18).

The climate of Serowe is characterized as semiarid (cold dry

winters with moist warm summers), with a mean annual rainfall of
Frontiers in Soil Science 03
477 mm. The summer season runs from October to April, whereas

the winter season stretches from May to August. In general, the

mean maximum temperature ranges between 22°C and 31°C,

whereas the mean minimum temperature lies between 5°C and

19°C (14). The months of November, December, and January

experience relatively high temperatures, and the lowest

temperatures are observed in June, July, and August. This series is

characterized by a gentle slope ranging from 1000 to 1250 m above

sea level (15) with lower elevations in the east and southeast,

whereas the highest elevation is found in the vicinity of the

escarpment edge (with an average slope of 5%, which gradually

decreases to 1% in the east and southeast) (14). Some rock outcrops

exist at the escarpment and along river valleys below the

escarpment; otherwise, in other areas, the rocks are covered by

Kalahari sands and superficial deposits.

Three main physiographic units have been distinguished in the

study area: Sandveld, escarpment and Hardveld. The Sandveld is

composed of dense trees, shrubs and grasses. Denser and taller

vegetation generally occurs along strips of escarpment, contrary to

the shallowness of the soils in the study area (15). There is an

occurrence of a dense stand of Cenchrus ciliaris (Buffalo grass),

surrounded by denser woodland dominated by Colophospermum

mophane and Terminalia sericea on Sandveld and Zizipus

mucronata and Acacia spp. on the Hardveld (15, 18). The land

use in the study area is predominantly farmland (sorghum and

maize), livestock grazing, and human settlement. Compared with
FIGURE 1

The map of the study area showing the locations of the three soil profiles.
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other soils in the region, the studied soils are more commonly used

for farming because of their higher clay content, which enables

them to retain more moisture.
3 Materials and methods

3.1 Field investigation and soil sampling

Three representative soil profile pits (SP1, SP2, and SP3) were

selected along a prominent slope in Serowe after a reconnaissance

survey. These profile pits stand at different elevations along the

gently rolling slope east of the escarpment. Overall, the field and soil

profiles were described according to the Guidelines for Soil Profile

Description (19). Fresh rock samples at the bottom of the pits were

analyzed as the parent material. Soil samples were collected from

each genetic horizon of the pedons, bagged, and shipped to the

laboratory for further analysis.
3.2 Laboratory analysis

Before analysis, the soil samples were air dried, gently crushed,

and passed through a 2 mm sieve to remove gravel and large roots.

Routine laboratory procedures were used to analyse the

physicochemical properties of the soils. Particle size distributions

were determined (after the removal of carbonates with dilute HCl)

following the Bouyoucos hydrometer method as described by

Gavlak et al. (20). Bulk density was measured via the core

sampler method (21). The dry weight of the soil is then divided

by the cylinder volume, providing an estimate of the bulk density.

The soil pH in water and electrical conductivity (EC) were

measured at a 1:2 (w/v) soil-to-solution ratio, and the values were

read via a pH meter and EC glass electrodes, respectively. The

carbonate content was determined gasometrically by measuring the

carbon dioxide volume evolved during the hydrochloric acid

reaction via an Eijkelkamp calcimeter.

The full characterization of the clay fraction minerals was

carried out at the Mineralogy Laboratory of the Institute of

Geosciences, University of Potsdam. The samples were dried at

40°C and crushed to a grain size of less than 63 µm. The clay

fractions (<2 mm) were separated via ultrasonic centrifugation. To

prevent clumping, 0.2 g of each sample was mixed with ammonia

water (0.003% NH3) and added to centrifuge tubes. After 2 min at

2000 rpm, the supernatants were transferred to Petri dishes and

dried on air. All the clay separates were processed and analysed

following the principles of Moore and Reynolds (22). For XRD

analysis of oriented clays, four different diffractograms were

recorded for each sample via powdered clay separates that were

mounted on glass slides: (i) air-dried, (ii) ethylene glycol-treated,

(iii) heat-treated samples at 400°C for 30 minutes, and (iv) heat-

treated samples at 550°C for 30 minutes. X-ray powder diffraction

data were collected on a PANalytical Empyrean powder X-ray

diffractometer with Bragg–Brentano geometry. The instrument
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was equipped with a PIXcel1D detector using Cu Ka radiation

(l= 1.5419 Å) operating at 40 kV and 40 mA. q/q scans were run in

a 2q range of 3–50° with a step size of 0.0131° and a sample rotation

time of 1 s. It was equipped with a programmable divergence and

anti-scatter slit and a large Ni-beta filter. The detector was set to

continuous mode with an active length of 1.116°. HighScore Plus

version 4.0 (including the PDF reference database) was used as the

analytical reference software for phase identification following the

principles of Moore and Reynolds (22).

The bulk major and minor element compositions were

determined with a ZETIUM X-ray fluorescence spectrometer

(XRF) from Malvern Panalytical, UK, housed in the ElMiE-Labs

at the German Research Centre for Geosciences (GFZ) Potsdam.

Powdered rock samples (grain size < 62 mm) were dried at

approximately 105°C, and 0.7 g of powder was weighed and

mixed with LiBO2. Glass disks were prepared on different heaters

at temperatures between 400 and 1150°C. The loss on ignition

(LOI) was determined separately by gravimetry. The quantification

level was 0.02 wt% for major elements and 10 ppm for minor

elements. The minor and trace element contents were determined

via the sodium peroxide fusion method. The sample (0.2–2.0 g) was

weighed into a crucible containing Na2O and NaOH. The mixture

was then fused. The sample was leached, acidified, and brought to

volume. The sample was then analysed via inductive coupled

plasma optical emission spectroscopy.
3.3 Proxies of chemical weathering indices

A suite of 11 geochemical weathering indices (Table 1) was used

to evaluate the weathering stages of the shrink-swell soils. The

percentage weight of an individual element’s oxide was divided by

its molecular weight to obtain the molar weight and facilitate

subsequent weathering index calculations. *CaO represents the

amount of CaO incorporated into the silicate fraction of the

samples and was calculated as CaO* = 0.35 × 2 (Na2O in

weight %)/62 (34). For a more detailed exposition of the rationale

behind the weathering indices, refer to the brilliant reviews of Price

and Velbel (35) Sheldon and Tabor (36), and Guo et al. (9). In

addition to the indices in Table 2, the intensity of chemical

weathering was further estimated for each mobile element (Na,

Ca, K, Rb, Mg and Sr) by comparing its concentration to that of

immobile Al in the studied samples and in the upper continental

crust (UCC), defined as the alpha index, aAlE = (Al/E)Sed/(Al/E)

UCC. Typically, aAlE > 1 indicates a depletion of element E in the

soils with respect to the UCC; aAlE < 1 indicates enrichment, and

aAlE = 1 indicates no net depletion (8).
3.4 Statistical analysis

All the graphs and statistical analyses were performed with

OriginPro (version 2024b; Origin Lab, Northampton, MA, USA)

(37). First, the concentrations of trace elements and soil
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physicochemical properties were standardized to eliminate possible

unwanted scale effects that can arise from variations in magnitude

and measurement units. Given that the whole geochemical dataset

cannot be properly understood and interpreted by analysing the

within- and between-profile trends on an element-by-element basis,

multivariate statistical techniques have become a veritable tool for

the interpretation of geochemical data. Factor, cluster, and principal

component analyses were used to identify elements of similar

geochemical behaviour and to group soils on the basis of their

geochemical affinity.
4 Results

4.1 Macromorphological and
physicochemical properties

All three pedons are deep (> 100 cm) and have A-Bss-Bt-C

profi le development (Figure 2). Although the soils are

generally grayish (dry color), SP1 is slightly different from

SP2 and SP3 (Table 2); SP1 is very dark bluish gray to light

greenish gray (Gley2 3/5PB – Gley2 7/10Y), whereas SP2 and

SP3 are dark gray (7.5YR 4/1) on the surface (A horizon) and

gray (7.5YR 5/1) subsurface (B and C horizons) (38). White to

light gray nodules, which formed from the precipitation of

carbonate, are present in some horizons.

The soils are largely fine-grained with textures ranging from

sandy clay loam to clay loam (Table 2). SP1 and SP2 have greater
Frontiers in Soil Science 05
clay contents than SP does. Sand is predominant in the deep

horizons of SP1 and SP3. All the A horizons have crumb

structures, whereas the subsurface (B and C) horizons have wedge

and strong subangular structures respectively.

Both fine and coarse fresh and dead roots are abundant in the

surface horizons. The subsurface horizons (Bss and Bt), on the other

hand, have abundant slickensides, pressure faces and clay coatings

in B horizons and rock fragments, and soft carbonate nodules (Bk)

features in the deepest (C) horizons (Table 2).

The results of other physicochemical properties, including bulk

density, pH, electrical conductivity, total carbon and total nitrogen,

are presented in Table 2. Among the three representative pedons,

the bulk density ranged from 1.04 to 1.64 g cm-1. Deeper horizons

have relatively higher bulk densities than surface horizons do. The

soils are alkaline, with pH values ranging from 7.4–8.4. SP1 and SP3

have higher pH values in the two deepest horizons and have

stronger reactions to dilute acid, whereas SP2 has a fairly uniform

pH across depth. The electrical conductivity is markedly greater in

the last horizons of SP1 and SP2, with values ranging from 70–300

mS/cm. SP3 has no clear pattern for electrical conductivity. When

the EC is generally less than 2000 mS/cm, the soils are classified as

non-saline. The total carbon (TC) content, consisting of both

organic and inorganic carbon, ranged from 0.5 to 3.5% in the

soils (Table 2). The C-horizon of SP1 has more TC than the surface

horizons do, whereas the reverse is the case for SP2 and SP3, where

the topsoil has more TC content than the deep-lying horizons do.

The total nitrogen (TN) content of the soils ranged from 0.02 to

0.29%, with the highest values occurring in the surface horizons.
TABLE 1 Geochemical indices used to evaluate the weathering intensity of the soils.

Chemical Weathering
Index (Symbol)

Formula
Fresh
Value

Weathered
Value

Reference

Chemical Index of Alteration (CIA) Al2O3/(Al2O3+CaO*+K2O+Na2O) ×100 50 100 Nesbitt and Young (23)

Chemical Index of Weathering (CIW) Al2O3/(Al2O3+CaO+Na2O) ×100 50 100 Harnois (24)

Weathering Index of Parker (WIP) (2K2O/0.25) + (2Na2O/0.35) + (CaO*/0.7) + 0 100 Parker (25)

(MgO/0.9) ×100

Ruxton Ratio (RR) SiO2/Al2O3 >10 0 Ruxton (26)

Product of Weathering Index (PWI) [SiO2/ (TiO2+Fe2O3+SiO2+Al2O3)] × 100 0 50 Souri et al. (27)

Plagioclase Index of Alteration (PIA)
(Al2O3-K2O)/ (Al2O3+CaO*+ Na2O-K2O)
× 100

50 100 Fedo et al. (28)

Silica-Titanium Index (STI) (SiO2/TiO2)/ [(SiO2/TiO2) + (SiO2/Al2O3) +

(Al2O3/TiO2)] ×100 0 90
Jayawardena and
Izawa (29)

Index of compositional variability (ICV) [(Fe2O3+K2O+Na2O+CaO+MgO+MnO+ 5

TiO2)] + /(Al2O3) >1 <1 Cox et al. (30)

Modified CIA (CIX) Al2O3/(Al2O3+K2O+Na2O) × 100 – – Garzanti et al. (31)

Vogt’s Ratio (VR) (Al2O3+K2O) /(MgO+CaO+Na2O) 0 1 Roaldset (32)

Chemical Proxy of Alteration (CPA) Al2O3 /(Al2O3+Na2O) × 100 – – Buggle et al. (33)
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TABLE 2 Morphological and physicochemical description of the shrink-swell soils.

Colour Other features BD pH EC TC TN

(g cm-3) (H2O) (mS/cm) (%)

1.39 7.4 70 0.87 0.11

s 1.29 7.7 100 0.94 0.09

s 1.64 7.9 140 1.04 0.08

1.64 8.1 220 1.21 0.04

1.57 8.1 250 1.43 0.08

1.64 8.2 230 1.43 0.05

1.4 7.6 120 1.4 0.07

s 1.29 7.8 140 1.21 0.07

s 1.22 7.5 400 1.17 0.06

gs 1.19 7.5 290 1.12 0.06

1.14 7.4 300 0.93 0.04

1.41 7.4 250 0.55 0.05

1.55 7.3 130 3.48 0.29

s 1.3 7.5 100 2.58 0.11

s 1.23 7.6 180 2.72 0.13
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SP1

A 0-20 69 10 21
Gley2 5/10G

5YR 8/1 (white) crumb dead roots, cracks
(greenish gray)

Bss1 20-40 57 10 33
Gley2 3/5PB

5YR 8/1 (white) wedge slickensides, carbonates, roo
(very dark bluish gray)

Bss2 40-65 57 8 35
Gley2 5/10B

5YR 6/1 (gray) wedge slickensides, carbonates, roo
(bluish gray)

Bt1 65-94 49 14 37
Gley2 4/5BG

5YR 6/1 (gray) wedge clay coatings, pressure faces
(dark bluish gray)

Bt2 94-136 55 12 33
Gley2 5/10Y

5YR 6/1 (gray) wedge clay coatings, pressure faces
(greenish gray)

C
136-
170+

85 10 5
Gley2 7/10Y

5YR 7/1 (light gray) 3-SBK rock fragments,
(light greenish gray)

SP2

A 0-25 49 30 21 7.5YR 4/1 (dark gray)
7.5YR 7/1
(light gray)

crumb dead roots, cracks

Bss1 25-45 35 30 35 7.5YR 4/1 (dark gray)
7.5YR 7/1
(light gray)

wedge slickensides, carbonates, roo

Bss2 45-75 29 34 37 7.5YR 2.5/1 (gray) 5YR 7/1 (light gray) wedge slickensides, carbonates, roo
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41 16 43 7.5YR 5/1 (gray) 5YR 7/1 (light gray) 3-ABK rock fragments, clay coating

SP3

A 0-7 47 18 35 7.5YR 4/1 (dark gray) 5YR 8/1 (white) crumb dead roots, cracks

Bss1 Jul-32 41 14 45 7.5YR 5/1 (gray) 5YR 8/1 (white) wedge slickensides, carbonates, roo

Bss2 32-96 35 16 49 7.5YR 5/1 (gray) 5YR 8/1 (white) wedge slickensides, carbonates, roo
t
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t
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4.2 Mineralogical properties

Quartz, calcite, feldspar, montmorillonite and palygorskite are

the minerals identified in the clay-sized fraction of the soils

(Table 3). Montmorillonite is the dominant clay in all the soil

profiles. X-ray diffractograms show prominent reflections at 4.26 Å

(100) and 3.35 Å (101) for quartz, at 14.58 Å (001) and 4.46 Å for

montmorillonite, at 3.03 Å (104) and 1.87 Å (116) for calcite and at

10.43 Å and 3.19 Å for palygorskite. After glycolization, the

montmorillonite peak moved to 17 Å and collapsed to 10 Å after

heat treatment. The peak at 10.5 Å shows no change after

glycolization and disappears after heat treatment. Palygorskite

only occurs in the lowest horizon (SP3), and the proportion of

quartz in the clay fraction is also lowest there.
4.3 Geochemistry

4.3.1 Major and trace element compositions
The X-ray fluorescence and ICP-MS results of the major and

trace element compositions of the soils are reported in Table 4. The

most abundant element in the soils was Si, with a range of 49.1-83.5

g.kg-1, followed by Al and Fe in SP1 and SP2. However, in SP3, the

average composition of Ca was second after that of Si and then

followed by that of Al and Fe. Therefore, Si, Al, Fe, and Ca are the

four most abundant elemental oxides in soils. The fifth element in

order of abundance is Mg, which ranges from 0.71–6.85 and

increases with depth in SP1 and SP3, whereas there is no definite

pattern in SP2. SP2 and SP3 had Na concentrations ranging from

approximately 1–2 g.kg-1, but the Na concentration was very low in

SP1. Other major elements, including Mn, K, P and Ti, are present

in the soils at concentrations below 1 g.kg-1 (Table 4). The Zn, Ni

and Sr contents in the pedons ranged from 10.4–79.0, 10.8–69.3,

and 93.1–350 mg kg-1, respectively. SP1 and SP3 showed an increase

in Zn, Ni and Sr in the deeper horizons, whereas SP2 showed no

clear trend in the depth distribution of these trace elements. The

rubidium content in the soils ranged from 9.9–109.0 mg.kg-1. SP1

and SP3 have relatively high concentrations of Rb in the surface

horizons, whereas SP2 has a fairly uniform concentration

across depth.
4.3.2 Relationships between geochemical
elements and soil properties

A Kaiser–Meyer–Olkin (KMO) test to measure sampling

adequacy is used to assess the relationship between the input

variables, as recommended by Durana et al. (39). By convention,

KMO values range between 0 and 1, where values of ≥ 0.8 represent

adequate sampling, 0.7–0.79 represent middling, 0.6–0.69 represent

mediocre sampling, and < 0.6 indicates insufficient sampling, with

values < 0.5 having the potential to be inadequate to examine

a dataset.

However, Shrestha (40) reported that for a sample size of less

than 100, a KMO of 0.6 is acceptable for factor analysis. The KMO of

this study is 0.74 for elemental compositions, which is acceptable for

factor analysis, as shown in Figure 2. To determine the strength of
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correlation among the elements, Bartlett’s sphericity test is applied to

determine the suitability of dimension-reduction techniques. A

significant value of < 0.05 for Bartlett’s sphericity test means that

factor analysis and principal component analysis may be worthwhile

for a dataset (39). In this study, the value of Bartlett’s sphericity test is

less than 0.05. Factor analysis of standardized raw data for element

concentrations and other important soil properties (TC, TN, EC, pH

(H2O), and sand, silt, and clay contents) was used to identify affinity

groups. The first two factors explained only 59% of the variation in

the data (Figures 3a, b). The grouping of properties into affinity

groups is mostly weak, with properties showing a diffuse distribution

with no very distinct affinity groups. Factor 1 describes 42.5% of the

variation and positively covaries with Fe, Ca, Mg and heavy metals

and negatively covaries with K. These associations are reflections of

the distinct pedogenic processes of the formation of Fe–Mn oxides

and calcite nodules, respectively. Factor 2 only describes an additional

16.3% of the variation.

The plot of the soil samples in a factor diagram (Figure 3b)

based on the entire dataset shows that the soils may be allocated into

four distinct groups with some outliers. The first and second groups

show clusters of SP1 and SP2 profiles, respectively, which contain

high Fe contents, especially the Bt and Bss horizons, as they contain

Fe–Mn nodules and sometimes small rock fragments. In SP3, the C

horizons are more distinct from the A and B horizons than the

Group 3 and 4 horizons are (Figure 3b). Group 3 of SP3 has an

illuvial clay content (especially the Bt horizons). The fourth group
Frontiers in Soil Science 08
includes soil samples that have high contents of calcium carbonate

nodules: these are the Ck and Ck2 horizons of the SP3 pedon. A

small outlier group is connected with the surface soils (A horizons)

of SP1 and SP3, which have very high accumulations of quartz.

4.3.3 Chemical weathering
The results (Table 5) of the 11 geochemical weathering indices

show how the indices were measured in the soils. To facilitate

interpretation, the values of the fresh and highly weathered samples

are presented in Table 1. Most of the soil samples in SP2 and SP3

have CIA values varying from 70–80, which likely points to a large

loss of Na, K, and Ca, in contrast to the stable phases of Al and Ti. In

the soils, the CIW and PIA values are slightly higher than the CIA

values. There is a strong positive correlation between the CIA, CIX,

CPA, CIW, and PIA (Figure 4). The calculated WIP values ranged

from 2.02 to 19.33 in the pedons and were negatively correlated

with the values of the CIA, CIW, and PIA. The average CIA, CIX,

CPA, CIW, and PIA suggest intense weathering in SP1 and

moderate weathering in SP2 and SP3.

The average aAlMg, aAlCa, aAlNa, aAlSr, aAlK, aAlBa, and

aAlRb values in the three pedons are 0.52, 0.66, 2.77, 1.91, 3.72, 1.21,

and 3.80, respectively. Therefore, the trend of element mobility in

soils can be expressed as follows:

aAlRb ≈ aAlK > aAlNa > aAlSr > aAlBa > aAlCa ≈ aAlMg

Variations in aAlE were observed within and across the three

pedons (Figure 5). Notably, aAlE > 1 indicates a depletion of
FIGURE 2

Two (SP1 and SP3) of the pedons at the foot- and toeslope respectively.
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TABLE 3 Semi-quantitative minerology of the clay sized fraction of the soils.

Horizon Quartz Calcite Feldspar Montmorillonite Palygorskite

SP1

A xxxxx x xx xxx u.d.

Bss1 xxx x x xxxxx u.d.

Bss2 xxx xx x xxxxx u.d.

Bt xxx xxx x xxxx u.d.

Bt2 xxx xxx x xxxxx u.d.

C xxx xxxx x xxxx u.d.

SP2

A x xx xx xxxx u.d.

Bss1 x xx xx xxxx u.d.

Bss2 xx xx xx xxxx u.d.

Bt x x xx xxx u.d.

Bt2 x x xx xxxxx u.d.

Bt3 x x xx xxxx u.d.

SP3

A xx xx xx xxxxx xxx

Bss xx xxxx xx xxxx xxx

Btk xx xxx xx xxxx xxx

Btk2 xx xxxx xx xxx xx

Ck1 x xx xxx xxxx xx

Ck2 xx xxx xxxx xxxx u.d.
F
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u.d., under detection limit.
xxxxx, very much.
xxxx, much.
xxx, medium.
xx, little.
x, very little.
TABLE 4 Major and trace elements composition of the soils.

Horizon SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 TiO2 LOI Total Cr Zn Ni Rb Sr

(g.kg-1) (mg.kg-1)

SP1

A 83.5 4.61 2.76 0.04 0.71 0.66 <QL 0.52 0.03 0.45 6.99 100 72.6 17.9 10.8 <QL 69.9

Bss 77.5 6.2 3.74 0.05 1.08 1.23 <QL 0.51 0.02 0.51 9.43 100 96.3 43.9 22.2 <QL 80.2

Bss2 73.5 6.4 5.42 0.21 1.58 2.89 <QL 0.56 0.03 0.66 8.35 99.7 125 38.2 62.3 360 <QL

Bt1 72 6.95 4.24 0.06 1.42 3.66 0.07 0.5 <QL 0.56 10.7 100 109 23.6 28.8 <QL 93.1

Bt2 70.5 7 4.28 0.06 1.55 3.76 0.1 0.53 0.02 0.57 11.8 100 105 27.8 26.9 <QL 96

C 66.2 7.18 6.34 0.24 2.1 5.37 <QL 0.6 0.03 0.73 10.8 99.6 153 37.6 78.4 388 <QL

SP2

A 51 12.2 8.61 0.11 3.3 5.05 0.98 0.55 0.08 0.78 17.5 100 148 66.1 47.9 <QL 150

Bss 51 11.3 11.2 0.41 3.35 5.26 0.58 0.6 0.09 0.89 15 99.7 197 87.1 95.2 391 95.2

(Continued)
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element E in the soils with respect to the UCC; aAlE < 1 indicates

enrichment, and aAlE = 1 indicates no net depletion.

The PCA results of the alpha index (aAlE) revealed that two

principal components accounted for 93.26% of the total variance,

with eigenvalues greater than 1. Factor 1 (variance proportion:

75.72%) was positively correlated with aAlNa and aAlMg (Table 6).

Factor 2 (17.54%) had high positive loadings of aAlCa, aAlSr, and

aAlBa (Table 6).
5 Discussion

5.1 Soil-forming factors, elemental affinity
and pedogenic processes

A pedological investigation into the shrink-swell soils on a

prominent foot and toeslope of Serowe was conducted with the

objective of characterizing soils on the basis of their physical,

chemical and geo(chemical) properties; quantifying chemical

weathering; exploring the depth distribution of trace elements; and

exploring the relationships between various elements. On the basis of

their properties, these soils qualify as Vertisols as previously reported

(e.g., 16, 41). According to WRB-FAO (19), Vertisols have vertic

horizons (clayey subsurface horizon with polished and grooved ped

surfaces (“slickensides”) or wedge-shaped or parallelepiped structural

aggregates) within 100 cm from the soil surface. They have 30 percent

or more clay in all horizons to a depth of 100 cm or more, or to a

contrasting layer (lithic or paralithic contact, petrocalcic, petroduric

or petrogypsic horizons, sedimentary discontinuity, etc.) between 50

and 100 cm, after the upper 20 cm have been mixed.

With a semiarid climate, the study area receives little annual

precipitation and has a thermic soil temperature and udic soil

moisture regimes. These prevailing climate conditions affect soil
FIGURE 3

Factor analysis based on the chemical and textural properties of the
bulk soil samples: (a) distributions of chemical and textural
properties (variables) and (b) distributions of the soil samples (cases).
TABLE 4 Continued

Horizon SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 TiO2 LOI Total Cr Zn Ni Rb Sr

(g.kg-1) (mg.kg-1)

SP2

Bss2 52.7 11.2 11.4 0.42 3.46 4.93 0.57 0.62 0.09 0.9 12.9 99.4 176 87.1 111 428 74.8

Bt1 53.8 11.8 8.35 0.11 3.2 4.83 0.99 0.58 0.08 0.77 15.8 100 142 79 48.7 <QL 146

Bt2 58 11.4 8.38 0.11 3.16 4.95 0.98 0.63 0.07 0.84 11.6 100 164 61.2 49.7 <QL 165

Bt3 62.5 11 8.19 0.11 2.97 4 0.98 0.67 0.06 0.87 8.82 100 167 52.1 47.4 <QL 157

SP3

A 52.5 8.53 6.1 0.07 3.34 5.57 0.82 0.56 0.1 0.74 21.8 100 270 44.4 48.3 <QL 158

Bss1 54 7.09 7.65 0.28 3.64 10.2 0.21 0.42 0.09 0.86 14.9 99.3 347 53.2 89.1 358 119

Bss2 48.8 7.64 7.98 0.28 3.92 11 0.29 0.41 0.09 0.85 18.2 99.6 339 61.2 87.7 370 141

Bk 44.6 8.38 6.24 0.08 5.2 15.4 0.88 0.36 0.07 0.68 18.3 100 253 44.2 52.7 <QL 350

Ck1 50.9 11.7 9.17 0.12 6.61 9.43 2.04 0.47 0.07 0.94 8.74 100 451 63.6 63 <QL 292

Ck2 49.1 11.8 9.43 0.13 6.83 10.7 2.15 0.47 0.09 0.94 8.55 100 485 66.3 69.3 <QL 295
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formation by limiting the intensity of weathering and, by extension,

the soil depth. In contrast, the Vertisols are generally deep,

exceeding 100 cm. On the basis of their physiographic positions,

the soil depth could be attributed to their position on the landscape,

foot to toeslope. Topography, as a passive factor of soil formation,

has been widely reported to affect soil production (42, 43). Aside

from soil depth, topography affects drainage, which in turn

influences soil color. In soils, the dominant soil color is a

reflection of the drainage and nature of the source rock lithology,

which can be classified as mainly basaltic with possible surface

deposition of Kalahari sands. The fine texture of the soils may also

be attributed to the nature of the source rock lithology. The

influence of parent materials on the colour and particle size

distribution of soils is well documented (e.g., 44–46). Clay

minerology (Table 3) plays a critical role in the morphology of

the soils. The medium shrink-swell features observed in the B

horizons of these pedons are due to the clay mineralogy,

montmorillonite, a 2:1 phyllosilicate mineral known for its ability

to swell and shrink under wet and dry conditions because of the

presence of interlayer spaces in their lattice structures. Additionally,

the slickensides and pressure faces observed on the peds are also

associated with clay mineralology.
Frontiers in Soil Science 11
The presence of carbonate nodules in the pedons points to a

middle stage of carbonate pedogenesis. The greater carbonate

accumulation recorded in the deep horizons than in the surface

horizons can be attributed to carbonation processes and insufficient

leaching. High accumulation of carbonates in the soils and

sediments of Botswana is has been reported in earlier studies

(e.g., 4, 47–49). Organic matter and clays play crucial roles in the

structural integrity of soils, whereas organic matter contents are

responsible for the crumb structure at the surface, the clay content

of illuvial horizons helps in the formation of wedge structures

typical of Vertisols (Table 2). Clays and organic matter are well

known to be involved in soil structure (aggregate) formation (50–

52). All the soils have alkaline pH values, which could be attributed

to the presence of basic cations (Ca2+, Mg2+, Na+ and K+) released

from the initial chemical weathering of basaltic parent material.

Montmorillonite, the dominant clay mineral in these soils, is

enriched with basic cations in their interlayer spaces, which can

be taken up by plants upon weathering. Furthermore, these cations,

in turn, bestow a strong buffering capacity to soils against

acidification (53). With an electrical conductivity of less than

2000 mS/cm, the soils were considered nonsaline according to the

Natural Resources Conservation Services (NRCS) Soil Survey
TABLE 5 Applied geochemical weathering indices.

Horizon CIA CIW PIA PWI WIP CIX ICV RR CPA Rb/Sr VR

SP1

A 88.64 99.40 99.19 95.33 2.02 88.84 1.29 18.11 99.64 0.31 2.84

Bss1 91.45 99.55 99.42 93.44 3.05 91.60 1.39 12.50 99.74 0.21 2.45

Bss2 92.25 99.59 99.47 92.77 3.66 92.39 1.77 11.36 99.76 0.19 2.22

Bt 90.41 97.26 96.53 92.17 4.06 91.37 2.07 10.36 98.37 0.18 1.98

Bt2 89.13 96.16 95.13 91.96 4.42 90.46 2.15 10.07 97.70 0.17 1.80

C 92.46 99.64 99.54 90.93 5.22 92.59 2.34 8.95 99.79 0.15 1.80

SP2

A 78.53 81.66 78.26 82.24 9.36 84.68 2.16 4.18 88.33 0.08 1.15

Bss1 84.66 88.45 86.07 82.92 9.21 88.70 2.11 4.45 92.86 0.08 1.30

Bss2 84.31 88.17 85.73 83.21 9.46 88.43 2.09 4.56 92.69 0.08 1.28

Bt1 77.65 81.00 77.43 83.44 9.08 83.95 2.17 4.56 87.87 0.09 1.14

Bt2 76.91 80.62 76.87 84.67 8.98 83.25 2.27 5.09 87.61 0.10 1.13

Bt3 76.04 80.06 76.11 85.95 8.43 82.48 2.15 5.68 87.22 0.11 1.14

SP3

A 74.63 78.81 74.60 86.95 9.47 81.35 2.99 6.15 86.35 0.12 0.85

Bss1 88.41 93.19 91.63 88.71 10.16 90.83 4.20 7.53 95.88 0.13 0.84

Bss2 87.56 91.58 89.77 87.02 11.12 90.56 4.24 6.36 94.87 0.11 0.81

Bk 74.62 77.30 73.40 85.12 14.83 82.02 5.72 5.32 85.27 0.11 0.56

Ck1 65.32 67.22 62.51 82.16 18.68 75.17 3.84 4.35 77.71 0.09 0.54

Ck2 64.41 66.25 61.48 81.41 19.33 74.47 4.08 4.16 76.94 0.09 0.53
fr
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Handbook (54). Sodium, the element that is mainly responsible for

soil salinity, is easily lost through soil profiles, which could be

responsible for the higher values recorded in the lower horizons of

the pedons.

The very low (<0.1%) to low (0.1-0.2%) total nitrogen and

carbon contents of the soils (Table 2), as classified by Landon (55),

occur where organic matter is low and where the high temperature

in the study area also triggers accelerated mineralization and

volatilization of total nitrogen. Most soils in sub-Saharan Africa

have low total nitrogen, which often results in net negative nutrient

balances (56).

Given that these soils developed at the boundary between the

eastern Hardveld and Kalahari sands, sandy material deposition on

the surface is possible. Therefore, to ascertain the uniformity of the

pedons, depth functions of factor scores (Factors 1 and 2) of soil
Frontiers in Soil Science 12
properties were plotted (Figure 6), as this procedure has proven to

be highly diagnostic of sedimentary layers in soils (57, 58). The

values of Factors 1 and 2 for the SP2 soils are quite uniform with

depth, but for the SP1 and SP3 soils, Factors 1 and 2 vary

substantially with depth. Additionally, the factor 2 values for SP3

show abrupt changes at deeper horizons. These changes reflect the

elevated abundance of pedogenic calcium carbonate nodules and

their associated elements in these horizons. The nearly uniform

values of Factor 1 and Factor 2 in SP2 indicate that the composition

of the pedon is quite uniform within the profile and that pedo-

accumulation of oxides or carbonates has not occurred in most

horizons compared with those in SP1 and SP3.

By separately considering the affinity groups of elements (not

including other soil properties) for the Vertisols (Figure 7a), the first

two factors explained 90.0% of the variation. This study, therefore,

has demonstrated that pedological processes play a more important

role in determining the chemical composition of these soils than

does colluvial depositional layering.

The reduction and oxidation of Fe and Mn due to variations in

redox potential under periodic swelling and shrinking are

important mechanisms for pedogenesis in vertic soils. Redox-

sensitive elements, particularly Fe and Mn, are dissolved and

subsequently precipitate in the form of Fe–Mn nodules

(Figure 7b). Redox-sensitive trace metals and some other trace

metals become entrapped in nodules, resulting in statistical

associations (59, 60). The periodic wetting conditions associated

with vertic property may trigger the dissolution, diffusion and

precipitation of metals in soil environments.
5.2 Weathering indices and
element mobility

The variations in the suite of geochemical weathering indices

applied in this study reflect the complex interactions among the

factors of soil formation in the area. The CIA, CIW and PIA results
FIGURE 4

Principal component analysis (PCA) of the weathering indices.
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(Table 6) confirmed that SP1 has undergone high weathering,

whereas SP2 and SP3 have experienced low to moderate

weathering. The relatively low values of the CIA recorded in the

two deepest horizons of SP3 are due to the high carbonate content.

According to Price and Velbel (35), different CIA values may simply

reflect variations in the chemistry of the unweathered parent rock

rather than the degree of weathering. High CIW values indicate

increased weathering, and high CIW values are due to the

elimination of K2O in the calculation. In almost all the pedons,

the CIW values are greater than the CIA values are, indicating a
Frontiers in Soil Science 13
nearly analogous weathering pattern. The distribution pattern of

PIA is similar to that of CIA and CIW in the studied pedons. SP1

has higher values of these indices than SP2 and SP3 do, with PIA

values being higher than the CIA values. In cases where the PIW

and CIA have similar values, a minor contribution of K during

burial and pedogenesis is suggested (61).

For SiO2/Al2O3, also known as the Ruxton ratio (RR), the

unexpectedly high SiO2 depletion in SP2 and SP3 suggests

advanced weathering and contradicts the CIA, CIW, PWI, and

PIA, which could be related to the presence of more soluble

amorphous silica in the basalts of the arid region. With respect to

weathering profiles developed on basalts in semiarid northern Iran,

Heidari and Raheb (6) reported a similar trend. Strontium has a

relatively smaller ionic size (1.32 A°) than does Rb (1.66 A°), which

helps displacement clay minerals from soil exchange sites (62).

Consequently, the low Rb/Sr ratios (0.09-0.32) confirm the

prevalence of moderate levels of chemical weathering processes in

the study area (Table 5).

The PCA results of the alpha index (aAlE) show that PC1 has

moderate positive factor loadings of aAlMg and aAlNa and negative

loadings of aAlK and aAlRb (Table 6). By convention, with

increasing chemical weathering, small cations (Na+) are more

easily removed than Mg2+. In this study, Na+ and Mg2+ were less

abundant. This finding indicates that variations in aAlMg, aAlK and

aAlRb may not be solely controlled by chemical weathering. Similar

to the findings of Zhao et al. (63), the relatively high values of aAlK

and aAlRb in this study roughly align with the low K-feldspar

contents in semiarid soils. Factor 2 (17.54%) had positive loadings
TABLE 6 Factor score coefficients of the rotated component matrix in
shrink-swell soils.

aAlE indices PC1 PC2

aAlMg 0.41 -0.01

aAlCa 0.33 0.53

aAlNa 0.41 -0.06

aAlSr 0.32 0.57

aAlK -0.41 0.21

aAlBa -0.33 0.57

aAlRb -0.41 0.14

Variance (%) 75.72 17.54

Cumulative (%) 75.72 93.26
Correlations are moderate (0.4–0.59) and shown in bold.
FIGURE 6

Depth functions for Factors 1 and 2 from the factor analysis of the soil properties.
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of aAlCa, aAlSr, and aAlBa (Table 6). The accumulation of

carbonates (Table 2) in the soils may have contributed to the

values of aAlCa, aAlSr and aAlBa. In addition to chemical

weathering, the enrichment of carbonates in soils has been

reported to result in lower values of aAlMg and aAlCa (64). Thus,

chemical weathering and heterogeneous source lithology

significantly affected the alpha indices, especially aAlNa, aAlMg,

aAlK, aAlRb, aAlCa, aAlSr and aAlBa of the soils.

5.2.1 Effects of grain size on chemical
weathering indices

Grain size distribution is one of the factors that affects chemical

weathering (5, 9, 65). In this study, the geochemical compositions of

the soils strongly correlated with the grain size distribution

(Figure 8). Typically, coarse-grained soils are rich in SiO2 due to

the abundance of quartz. In contrast, fine-grained soils have higher

Al2O3 contents because of the enrichment of clay minerals; thus, the

SiO2/Al2O3 ratio is a good proxy for grain size parameters (5, 65).
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With the exception of aAlCa, aAlSr, ICV and VR, all the indices are

strongly correlated with SiO2/Al2O3 (Figure 6), suggesting that they are

highly influenced by grain size. Similarly, aAlK, aAlBa and aAlRb have

very strong correlations with grain size (Figure 8). Therefore,

significant differences in grain size properties may result in spatial

variations in the chemical weathering indices of the soils. Therefore,

grain size impacts chemical weathering indices, which suggests that

chemical weathering indices of Vertisols cannot accurately reveal the

intensity of chemical weathering in semiarid Botswana.
5.3 Trace element behaviour

Nickel is of great interest in environmental science and

geoecology because of its dual effects (toxicity and essentiality) on

terrestrial biota. Typically, the safer limit of Ni is 1.5 mg g−1 in plants
and 75–150 mg g−1 in soil (66), but in the studied area, Ni ranges

from 11 to 69 mg kg-1, with an average of 40 mg kg-1 (Table 4).

Therefore, Ni does not constitute any potential source of concern in

the environment. The low level of Ni in the soils could be related to

the absence of anthropogenic activities such as metal manufacturing

waste, commercial waste, fallout, and sludge, coal fly ash, coal

bottom ash, mining, and smelting in Serowe. Nickel functions in

hydrogenase and the translocation of nitrogen during plant growth.

In addition to safer limits, Ni toxicity may occur, leading to

interveinal chlorosis in new leaves and brown and stunted

roots (67).

There is a large disparity in the strontium (Sr) concentration in

the soils. SP1 has a fairly tolerable concentration (70–174 mg kg-1)

with a profile average of 103 mg kg-1, whereas SP2 and SP3 have

considerable amounts of Sr (146–350) with a mean value of 209 mg

kg-1, which is higher than the world’s average abundance (120 mg

kg-1) in the soil (68). High Sr in soil environments can replace Ca2+

due to their chemical similarity (both Ca2+ and Sr2+ belong to the

second group of the periodic table), leading to calcium deficiency in

plants (69). The USEPA set the Regional Screening Levels (RSLs)

for Sr in soil to 47,000 mg kg-1 and 420 mg L-1 for residential soil

and groundwater protection, respectively (70). The Sr content of the

studied soils did not exceed the screening levels and therefore may

not constitute any toxicity issues in the soils. Beyond the stipulated

limits, Sr toxicity is associated with a decrease in chlorophyll

production (71).

In humans, high levels of Sr are linked to liver, brain, bone

tissue, and tooth disorders, especially in children at the skeleton

development stage (72).

With a range of 10–79 mg kg-1 and an average of 44 mg kg-1, the

concentration of zinc in soils is below the world average of 64 mg

kg-1 (73). A concentration of Zn above 300 mg kg-1 in the soil may

pose a contamination problem (74). Like nickel and strontium, the

Zn content in soils is within a permissible range and may not pose

toxicity problems to terrestrial biota (75). However, Zn deficiency is

the most widespread micronutrient deficiency in the world, with

calcareous soils with high pH being more prone to Zn deficiency

(76). Kabata-Pendias and Pendias (77), however, noted that the
FIGURE 7

Factor plots showing: (a) the element, (b) sample affinity groups for
the soils.
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total Zn content is not a reliable index to show the capacity of soil to

supply Zn for plant uptake, as a very small part of the total soil Zn

(< 1 mg kg-1) is present in the soil solution that can be taken up

by plants.

Chromium is abundant in ultramafic rocks and can be

transported by surface runoff in soluble or precipitated forms

(78). The Cr content in the soils we studied ranged from 70–485

mg kg-1, with an average of 192 mg kg-1, which is much higher than

the world average of 54 mg kg-1 (79). The source of Cr in soils can

be either natural or anthropogenic. In the case of this study, the high

Cr concentration is most likely from the ultrabasic parent material,

basalt, which is known to have high Cr. Therefore, further studies

should be carried out to assess the possibility of Cr contamination in

the soils given the relatively high values reported in this study. Some

studies have reported that Cr at low concentrations may enhance

plant development and constrain plant growth at relatively high

concentrations; however, there is no confirmed evidence to
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corroborate its positive participation in plant metabolism (80).

Chromium toxicity, however, can result in shunted plant growth,

chlorosis in leaves, altered enzymatic activities, and decreased

yields, especially in grains and cereals (81, 82).
6 Conclusion

Shrink-swell soils on a prominent landscape in central

Botswana were characterized to quantify the chemical weathering

stage, pedogenic process and depth distribution of the trace

elements. The moderate to high degree of weathering of the soils

containing montmorillonite implies that these soils still have good

reserves of weatherable minerals, which are potential nutrient

reserves for crop production in the area. The grain size

distribution influenced the geochemical indices applied in this

study, and some of the geochemical indices were highly correlated
αAlMg αAlCa αAlNa αAlSr αAlK αAlBa αAlRb

0.6 0.4 0.6 0.4 -0.9 -0.9 -1.0

Rb/Sr CIA CIW PIA PWI WIP CIX ICV CPA VR

0.8 0.8 0.8 0.8 1.0 -0.7 0.7 -0.4 0.8 0.6

FIGURE 8

Correlation coefficients of chemical weathering indices and SiO2/Al2O3 ratios. Plots for the strongest (0.8-1.0) correlations are shown.
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with each other, implying that all indices should be individually

evaluated for their suitability rather than using all the indices at all

times. The moderate geochemical affinity (two factors describe 60%

variation) for the soil samples established via factor analysis of their

geochemical and textural properties shows that these soils

developed on uniform parent material. Clay and iron oxide

illuviation and carbonate nodule formation are important

pedogenic processes that influence the depth distribution and

association of elements in the soils. The high concentration of

chromium above permissible limits implies that intense weathering

of basalt may result in enrichment and calls for bioavailability

investigations to avert toxicity in plants, animals, and humans. The

distinct properties including pedogenic carbonates and deep cracks

of slickensides confirm that the Vertisols are polygenetic.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

PE: Conceptualization, Formal Analysis, Investigation,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. FE: Data

curation, Writing – review & editing. IN: Conceptualization, Data

curation, Investigation, Methodology, Writing – review & editing.

AM: Methodology, Writing – review & editing. AS: Methodology,

Validation, Writing – review & editing. CG: Data curation,
Frontiers in Soil Science 16
Methodology, Software, Validation, Writing – review & editing.

SN: Supervision, Validation, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Gaur MK, Squires VR. Geographic extent and characteristics of the world’s arid
zones and their peoples. In: Gaur M, Squires V, editors. Climate variability impacts on
land use and livelihoods in drylands. Springer, Cham (2018). p. 3–20.

2. Bland WJ, Rolls D. Weathering: an introduction to the scientific principles.
Routledge, London (2016).

3. Lopez BR, Bacilio M. Weathering and soil formation in hot, dry environments
mediated by plant–microbe interactions. Biol Fertility Soils. (2020) 56:447–59.
doi: 10.1007/s00374-020-01456-x

4. Matshameko Y, Okolo CC, Eze PN. Near-surface pedosediments of Takatokwane
saline pan, southern Botswana: Properties, pedogenic processes, and inferences of
environmental change. Geoderma Regional. (2023) 34:e00696. doi: 10.1016/
j.geodrs.2023.e00696

5. Chen Q, Li Z, Dong S, Yu Q, Zhang C, Yu X. Applicability of chemical weathering
indices of eolian sands from the deserts in northern China. Catena. (2021) 198:105032.
doi: 10.1016/j.catena.2020.105032

6. Heidari A, Raheb A. Geochemical indices of soil development on basalt rocks in
arid to subhumid climosequence of Central Iran. J Mountain Sci. (2020) 17:1652–69.
doi: 10.1007/s11629-019-5862-4

7. Duzgoren-Aydin NS, Aydin A, Malpas J. Reassessment of chemical weathering
indices: case study on pyroclastic rocks of Hong Kong. Eng geology. (2002) 63:99–119.
doi: 10.1016/S0013-7952(01)00073-4
8. Garzanti E, Padoan M, Peruta L, Setti M, Najman Y, Villa IM. Weathering
geochemistry and Sr-Nd fingerprints of equatorial upper Nile and Congo muds.
Geochem. Geophys Geosyst. (2013) 14:292–316. doi: 10.1002/ggge.20060

9. Guo Y, Yang S, Ni S, Chao L, Ping Y, Wang Z. Revisiting the effects of
hydrodynamic sorting and sedimentary recycling on chemical weathering indices.
Geochim. Cosmochim. Acta. (2018) 227:48–63. doi: 10.1016/j.gca.2018.02.015

10. Pardo MT, Ristori G, D’acqui LP, Almendros G. An assessment of soil fertility
and agronomic constraints in southern african savannas: A case study of the
panbamatenga area, Botswana. South Afr Geographical J. (2003) 85:35–41.
doi: 10.1080/03736245.2003.9713782

11. Eze PN. Soil development in the eastern hardveld. In: Eckardt FD, editor.
Landscapes and landforms of Botswana. World geomorphological landscapes. Springer,
Cham. (2022). p. 327–44.

12. Romanens R, Pellacani F, Mainga A, Fynn R, Vittoz P, Verrecchia EP. Soil
diversity and major soil processes in the Kalahari basin, Botswana. Geoderma Regional.
(2019) 19:e00236. doi: 10.1016/j.geodrs.2019.e00236

13. Plaza C, Zaccone C, Sawicka K, Méndez AM, Tarquis A, Gascó G, et al. Soil
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