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Abstract 21 

The present study is based on a suite of surface samples from exposures of eroded 22 

laterite, considered to be Tertiary in age, and nearby soils in the Sahelian region of 23 

SW Niger and Burkina Faso. X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), 24 

Computer Controlled Scanning Electron Microscopy (CCSEM), Energy Dispersive X-25 

ray Spectroscopy (EDS), Diffuse UV/Visual Reflectance Spectroscopy (DRS) and a 26 

suite of magnetic measurements have been used to shed light on the origin of the 27 

soils and their possible derivation from the adjacent, eroded laterite outcrops. On the 28 

basis of the wide range of data obtained, we conclude that the mineralogy and 29 

magnetic properties of the soils precludes direct derivation from the laterites without 30 

further weathering and modification. Nor does the evidence support the view that the 31 

soils have evolved entirely independently, uninfluenced by input from the laterites. 32 
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The only conclusion that is consistent with all the lines of evidence is that the erosion 33 

of the laterites provided at least a significant part of the material upon which soil 34 

formation took place. This must have occurred at a time early enough to permit a 35 

long period of subsequent soil development during which the iron oxides, specifically 36 

haematite and ferrimagnetic minerals, were significantly modified. From this, we infer 37 

that eroded material from discontinuous laterite exposures has contributed 38 

significantly to the remotely sensed, distinctive reflectance characteristics of the 39 

Sahel surfaces. The magnetic properties of the soils provide evidence for the in situ 40 

neo-formation of fine, secondary, pedogenic magnetite/maghemite grains typical of 41 

those found in many soils across the Sahel region and elsewhere in both temperate 42 

and tropical environments.  43 

Key words: laterites, Sahel, reflectance, magnetic properties, soil formation.  44 

 45 

Introduction 46 

The geochemistry, reflectance characteristics (albedo) and magnetic properties 47 

(Lyons et al. 2010; 2012, Grey et al. 2005; Williams et al. 2009) of the Sahel region 48 

raise several related questions regarding the relationship between the widespread 49 

occurrence of laterites and the dominantly red-coloured soils of the Sahel. In order to 50 

explore these further, comparisons have been made between laterite and adjacent 51 

soil samples (Fig. 1) along a transect from Niamey in Niger to Ouagadougou in 52 

Burkina Faso (Fig. 2). Whether classified as soils or metasomatic rocks (Aleva 53 

1994), laterites are the product of intensive and long lasting tropical weathering. The 54 

time frame inferred for laterite formation is not well constrained and varies from 55 

150Ma (Tardy et al. 1991) to 24-25 Ma (Gunnell 2003), the latter estimate based on 56 

radiometric evidence. The deep red-brown laterites in the region sampled are 57 

typically enriched in Fe oxides and fall within the type classified as ferricretes by 58 

Tardy et al. (1995), though their autochthonous origin through in-situ weathering of 59 

the igneous bedrock would lead Widdowson (2007) to preclude this assignation on 60 

the basis of his genetic classification. Such laterites are greatly enriched in haematite 61 

as a result of the leaching processes that they have experienced over millions of 62 

years. Haematite is one of the least soluble minerals found in the regolith anywhere 63 

in the world. The discontinuous outcrops with their eroded edges suggest that the 64 
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present exposures of laterite are residual from previously much more extensive and 65 

continuous cover. The soil samples analyzed all come from within 10 to 30  m of the 66 

edge of the adjacent, sampled laterite outcrops and share the deep red-brown 67 

colouration of much of the surface material across the Sahel (Fig. 1). The questions 68 

posed at the outset are threefold: 69 

 (i) To what extent have the geochemical properties of the soils been derived from 70 

the nearby laterite exposures and, if so, on what kind of timescale? Since both the 71 

laterites and soils must have been formed from the underlying acid igneous rocks 72 

one possibility is that they have developed quite independently on different 73 

timescales, each under a different range of climatic conditions. If, on the other hand, 74 

the soils have developed in part or whole on eroded material derived from laterite 75 

outcrops, the question becomes partly one of timing.  Does the evidence point to 76 

recent erosion from the existing exposures with no significant chemical 77 

transformation, or to the effects of long-term denudation processes in which the 78 

products of laterite erosion have contributed significantly to the substrate upon which 79 

the present-day soils have evolved in response to the then prevailing and 80 

subsequent climatic conditions? 81 

(ii) In this regard, particular attention is paid to evidence for the origin of the 82 

haematite component in the soils, in light of the importance of haematite in 83 

controlling the red colour, hence the reflectance qualities of the surface soils. 84 

Remote sensing using MODIS and AATSR (Grey et al. 2005; Schaaf, personal 85 

communication, 2009; Williams et al. 2009.) confirms a strong contrast in reflectance 86 

between Sahel and Sahara surfaces. Formenti et al. (2014a) also demonstrate the 87 

distinctive reflectance characteristics resulting from the high haematite+ goethite 88 

concentrations in the local Sahel dusts. Here we explore the extent to which the soil 89 

haematite, largely responsible for the distinctive surface reflectance, is a 90 

consequence of the erosion of laterite outcrops, or of independent pedogenesis.  91 

(iii) Thirdly, even if soils may have been derived from the nearby laterites, to what 92 

extent are the magnetic properties themselves inherited from the laterites, rather 93 

than generated through pedogenesis? Since Zhou et al. (1990) demonstrated that 94 

the sequence of alternating magnetic susceptibility values in Quaternary sections 95 

from the Chinese Loess Plateau reflected predominantly the pedogenic 96 
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enhancement of susceptibility in palaeosols, there has been considerable interest in 97 

the link between soil magnetic susceptibility and rainfall. Many studies have been 98 

published in the wake of Maher and Thompson’s (1992) pioneering analysis 99 

confirming the positive relationship between those two quantities and hence the 100 

potential for using susceptibility records as proxies for past variations in precipitation.  101 

Recently, broadly based summaries by Balsam et al. (2011) and Maher and Possolo 102 

(2013) have served to confirm the validity of the link. Balsam et al. (2011) present 103 

robust statistical evidence for the strength of the relationship (r2 =  0.611) across 104 

strong rainfall gradients in tropical Africa in the form of a suite of samples from Mali, 105 

where Lyons et al. (2010; 2012) had previously pointed to soil susceptibility 106 

variations reflecting the rainfall gradient across the Sahel-Sahara Transition.  107 

Subsequent analysis of a larger data set, less strongly dominated by samples from 108 

transects spanning the clear north-south rainfall gradients, failed to demonstrate the 109 

same strong link between rainfall and susceptibility (Oldfield et al. 2014).  One 110 

possible factor contributing to the weaker relationship is the role that eroded laterite 111 

may have played in controlling the magnetic properties of adjacent soils. Should this 112 

turn out to be the case, it would cast doubt on the inferred pedogenic origin of the 113 

apparent susceptibility:rainfall link across the Sahel-Sahara transition and on the 114 

inferences based on this putative link (Lyons et al. 2010, 2012; Balsam et al. 2011). 115 

The Sahel region is unique in Africa with respect to the high prevalence of laterite 116 

surfaces (Gunnel 2003; Burke and Gunnell 2008) and the strong occurrence of iron 117 

oxides (Formenti et al. 2014 a, b).  118 

Six lines of evidence have been used to shed light on these questions – (i) element 119 

concentrations determined by X-Ray Fluorescence (XRF) in order to assess the 120 

degree of similarity or otherwise in the presence and concentrations of chemically 121 

relatively stable elements; (ii) mineralogy determined by X-Ray Diffraction (XRD) 122 

with a view to exploring possible differences between the laterites and soils, 123 

especially with regard to the iron oxides recorded; (iii) haematite and goethite signals 124 

and ratios derived from Diffuse Reflectance Spectroscopy (DRS) with special 125 

emphasis on the quantitative and qualitative information derived from the spectra for 126 

haematite in adjacent laterite and soil samples; (iv) sample imaging and particle 127 

characterization using Computer-Controlled Scanning Electron Microscopy 128 

(CCSEM); (v) linked to the latter, Energy Dispersive X-ray Spectroscopy (EDS) in 129 
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order to allow both geochemical and visual comparisons on the basis of individual 130 

particles and particle classes; and (vi) magnetic measurements with a view to 131 

addressing the third question posed above.   132 

Environmental setting and sampling 133 

The samples from the transect (Fig. 2) come from an area with a gradient in mean 134 

annual rainfall from 500 mm in the northern part of the Transect, to 750 mm in the 135 

south.  The rainy season is between June and September but subject to extreme 136 

inter-annual and inter-decadal variability.  Most of the soils and laterites are 137 

underlain by acid, igneous basement rocks, mainly granites and migmatites.  The 138 

soils over the transect are mainly classified as lixisols (Deckers et al. 1998; FAO, 139 

2006), which are typically developed on old landscapes with a tropical climate 140 

experiencing a pronounced dry season.  They are strongly weathered soils in which 141 

clay has been eluviated from the surface to form a kaolinitic subsurface horizon 142 

(FAO, 2006). Haematite enrichment (rubefaction) through dehydration of iron 143 

compounds during the dry season is typical and enrichment by aeolian deposition 144 

has been inferred for some lixisols (World Soil Information, undated). Samples all 145 

came from the top ~5cm of the exposures. In the case of the soils, this meant that in 146 

most cases, the sand-rich eluvial horizon alone was sampled, except where deflation 147 

had removed surface material (site 4a). Samples were stored in Ziploc plastic bags. 148 

 149 

Methods of Sample Analysis 150 

 Element analysis by X-Ray Fluorescence  151 

XRF analyses were undertaken on finely ground samples with a Bruker S2 Ranger 152 

energy dispersive x-ray fluorescence analyser, using a Pd X-ray tube and Peltier-153 

cooled silicon drift detector. The instrument was run under three different 154 

measurement conditions (20, 40 and 50 keV tube excitement) on loose powder (1 to 155 

3 g) under helium. Powder cups were prepared with spectroscopic grade 6 µm 156 

polypropylene film (Chemplex Cat. No. 425). Calibration used a set of up to 18 157 

certified reference materials. Mass attenuation correction used theoretical alphas, 158 

with organic matter concentrations estimated by loss-on-ignition. 159 
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 Computer-Controlled Scanning Electron Microscopy (CCSEM +EDS) 160 

The microscopic constituents of laterite and soil samples were characterized at the 161 

individual particle (IP) level using a combination of scanning electron microscopy 162 

(SEM) and energy dispersive X-ray spectroscopy (EDS). Finely divided material from 163 

each sample was prepared for CCSEM analysis in the following way: (i) A 164 

subsample of material (<0.5 mg) was placed in a 100 mL test tube containing 75 mL 165 

of MiliQ water to which a small amount (<0.5 ml) of surfactant (polysorbate 20) was 166 

added; this was then ultrasonically agitated for 5 minutes. (ii) A series of aliquots of 167 

increasing volume (from 0.1-0.5 mL) of the soil in water suspension were filtered 168 

from a chimney reservoir containing MiliQ water, onto a 25 mm diameter 0.4 µm pore 169 

size polycarbonate membrane filter. (iii) Several filters were prepared so a desirable 170 

filter loading could be selected. A filter loading with a separation between particles of 171 

at least one particle diameter was considered suitable; however, a filter with a lighter 172 

loading was preferred. (iii) Each filter was attached to an SEM mount with an 173 

intervening layer of adhesive carbon paint before it was submitted for final review 174 

and CCSEM analysis. 175 

 176 

 An FEI/Aspex Personal Scanning Electron Microscope (PSEM) was used to perform 177 

Computer-Controlled Scanning Electron Microscopy (CCSEM). Backscattered 178 

electron (BE) collection was used for particle imaging. Variations in BE yield 179 

correlate with particle average atomic number, thus permitting particle selection 180 

based on composition (Goldstein et al. 2003). Particle element composition was 181 

determined by EDS using an OmegaMax™ silicon drift detector with an ultra-thin 182 

window, permitting the detection of light elements such as carbon, and oxygen. The 183 

PSEM was operated in variable pressure mode, which obviated the need to apply a 184 

conducting coat. CCSEM collected data under computer control and allowed the 185 

collection of statistically significant data sets in a time efficient manner. To facilitate 186 

this, sub-samples of particles from the study locations were vacuum-filtered onto 187 

separate 25 mm diameter, 0.4 µm polycarbonate filters. Operating under computer-188 

controlled IP analysis of the material on a filter proceeded sequentially in a particle 189 

detect mode and then in particle measurement mode. A BE image threshold was 190 

initially set so that the particles were isolated from the carbon filter by greater BE 191 

yield. In the detect phase, the primary electron beam stepped over a field of view in 192 
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the SEM until a particle was registered (BE yield above the set threshold) and at this 193 

point the measurement process started. During the particle measurement phase the 194 

size, shape and element composition of a particle were determined as the primary 195 

electron beam rastered over the particle. After the measurement phase, the system 196 

returned to particle detect mode until another particle was detected. The standard 197 

operating conditions for the analyses were: an accelerating voltage of 25 keV, a 198 

beam current of approximately 1.0 nA, and a working distance of approximately 16 199 

mm. While the X-ray spectrum for each particle was stored, data for a specified 200 

element list were captured for each particle. A “crustal” element list of Na, Mg, Al, Si, 201 

P, S, Cl, K, Ca, Ti, Mn, and Fe was used in the vector file in this study. 202 

To interpret the CCSEM data, groups of “like” particles, based on element 203 

composition, were identified in the CCSEM data from the analysis of one of the soil 204 

samples as a training set.  This focused on identifying homogenous groups of 205 

particle types using a supervised divisive hierarchical cluster analysis. The cluster 206 

analysis reached a stopping point where further division of a group was not 207 

necessary, or when a new group would consist of less than 1% of the total number of 208 

particles in the data set. Based on the composition of the particles in each group, a 209 

set of rules was defined to classify particles belonging to that group. The applied 210 

rules allowed for a “tight” classification of the particles. For example, for a single 211 

element particle (e.g., Si) the rule requirement was that the relative X-ray percentage 212 

for silicon had to be >98%. In the case of two or more elements the rule definition 213 

was that the sum of the relative X-ray percentage for all elements in the rule had to 214 

be >98% and each individual element had to be >3%. The only exception was for the 215 

presence or absence of Ti and Mn.  These classes of rules were ordered in a linear 216 

fashion to allow classification attribution of CCSEM data from samples in this study. 217 

Here a 58-class scheme was formulated and ordered into a linear sorting scheme. 218 

Included at the end of the scheme was an extra class (Class 100: ‘other’), to which 219 

particles were assigned that were not captured by any of the preceding classes. 220 

Class 100 contained no rules for the assignment of particles to it, serving only to 221 

record the numbers of particles unassigned to any of the 58 classes.  CCSEM data 222 

from the analysis of a new particle sample was sifted through the scheme and a 223 

particle was assigned to a class if its composition matched the rules defining the 224 

class.  225 
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 226 

 X-Ray Diffraction (XRD) 227 

Sample mineralogy was determined on finely ground samples by X-ray diffraction 228 

(XRD). The XRD patterns from samples 1, 1A, 3, 3A, 8A, 9, 9A, 11, 11A and 12A 229 

were collected with a Bruker D8 Advanced high resolution powder diffractometer with 230 

a Bragg-Brentano geometry and monochromatic Cu-Ka radiation. This employed a 231 

copper tube operating at 40 kV and 40 mA, fixed slit optics with incident beam 232 

divergence = 1°, receiving slit = 0.15 and NaI detector with pulse discrimination. In 233 

collecting data, the 2θ step size was 0.02°; the counting time per step was 2s; and 234 

the 2θ range = 2-90. For samples 4, 4A, 5, 5A, 6, 6A, 7, 7A, 8, 10 and 10A, X-ray 235 

diffraction was performed on a Shimadzu XRD-7000 X-ray diffractometer with a Cu 236 

X-ray tube. Sample mounts were scanned from 2-80⁰ 2Ѳ at a scan speed of 2⁰ 2Ѳ 237 

per minute. The system operated at 40 kV with a tube current of 30 mA in a 238 

continuous scan mode. The incident beam divergence was 1, the scattering slit was 239 

1, and the receiving slit was 0.3 mm; the scintillation detector was a NaI single 240 

crystal activated with a small quantity of Tl.  241 

 Diffuse Reflectance Spectroscopy (DRS)  242 

To estimate the relative concentrations of haematite and goethite in the samples we 243 

used established diffuse reflectance UV-VIS spectroscopy (DRS) methods (Deaton 244 

and Balsam 1991; Torrent and Barron, 2002; Torrent et al., 2007). Paired soil and 245 

laterite samples were dried, powdered (<10 μm) and pressed into pellets using a 15 246 

tonne hydraulic press, before collection of the DRS spectra. The DRS spectra were 247 

recorded from 190 to 1100 nm in 0.5-nm steps at a scan rate of 30 nm min−1, using a 248 

Thermo Evolution 300 UV-Vis Spectrophotometer equipped with a Praying Mantis 249 

Diffuse Reflectance Accessory (Thermo Scientific) that uses all-aluminium coated 250 

optics rather than traditional integrating spheres, thus allowing an extended optical 251 

range. The Praying Mantis allows a diffuse reflectance measurement on samples as 252 

small as 3 mm in diameter and 1 mm thickness. The spectrophotometer uses a 253 

Xenon flash light source and has a stated accuracy of +/-0.3nm over the recorded 254 

data range.  255 



 9 

The First Derivative (D 1) of each spectrum was determined directly using the 256 

method established by Deaton and Balsam (1991) and further evaluated in Balsam 257 

et al. (2014). In determining the Second Derivative (D 2) (Scheinost et al. 1998; 258 

Torrent et al. 2007), the spectrum of reflectance (R) was transformed using the 259 

Kubelka-Munk (K-M) remission function [F(R) = (1-R)2/2R)]. D 1 uses the peak 260 

height of the spectrum close to 580nm as the basis for calculation (Fig. 9), and D 2 261 

uses the amplitude of the difference in values between peak and trough (Fig. 10). 262 

Balsam et al. (2014) show that in the case of haematite, D 1 is the more sensitive of 263 

the two in light matrices.  264 

The reliability of the analyses provided by the system was assessed by analysing a 265 

training set of 25 soils (r2 = 0.88) from the Mediterranean region with haematite and 266 

goethite concentrations determined by XRD (Torrent and Barron, 2002). In the 267 

present case, however, the inferred concentrations of iron oxides in many of the 268 

samples greatly exceed those used in the calibration.  269 

 Magnetic Measurements 270 

All samples were packed into 10ml plastic sample holders, immobilised using clean 271 

cling film and subjected to a standard range of magnetic measurements comprising 272 

low field susceptibility at both low (0.47 kHz; LF) and high (4.7 kHz; HF) 273 

frequencies, leading to the calculation of the frequency-dependent susceptibility as 274 

the difference between the two, expressed here as a mass specific value (FD) or as 275 

a percentage of LF (FD%). Subsequently, the following laboratory remanence 276 

measurements were carried out: Anhysteretic Remanent Magnetisation (ARM), 277 

expressed as susceptibility of ARM (ARM) ’Saturation’ (1T) Isothermal Remanent 278 

Magnetisation (SIRM) followed by DC reverse field demagnetisation in fields of -20 279 

mT, -40 mT, -100 mT and -300 mT. These measurements also yielded the ‘S’ values 280 

as shown in Figure 11. This sequence of measurements and calculations has 281 

generally provided a good basis for the initial magnetic characterization and 282 

discrimination of sample sets, whether of sediments (Oldfield, 2012), soils (Hao et 283 

al., 2008) or dusts (Lyons et al., 2012). Details of instrumentation, methods and 284 

measurements are given in Lyons et al. (2010) and their interpretation is considered 285 

in more detail in Walden et al. (1999) and Maher (2011).  In addition, six samples 286 

were used for additional measurements. Stepwise IRM acquisition using 31 fields 287 
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between 15mT and 1T and subsequent model-based deconvolution (Heslop et al. 288 

2002) were used to provide more detailed information on the remanence carriers 289 

present (Oldfield et al. 2014). The results are summarised in Table 5 and Figure 12. 290 

Results 291 

 X-Ray Fluorescence (XRF)  292 

XRF element concentrations were used to test whether the soil composition is 293 

consistent with partial derivation from the adjacent eroding laterite outcrops.  In 294 

addition to total Fe, which includes both chemically resistant and soluble forms, we 295 

examined only elements that are generally resistant to chemical weathering and 296 

regarded as immobile in soil (Ti, Nb, Zr, Cr). Further, to avoid dilution signals, such 297 

as lowered element concentrations due to dilution by quartz (which may be 298 

selectively concentrated during soil forming processes, or by the loss of fines in the 299 

surface soils through wind erosion, or eluviation), we generated proportion diagrams 300 

for 20 of the samples, including all those from sites where paired soil and laterite 301 

samples were taken (Figure 3). These are analogous to triangular diagrams but have 302 

the vertical (trace element) axis exaggerated in scale to such an extent that the sides 303 

of the triangle show no perceptible narrowing. 304 

The sample scatter shows almost complete separation of the soil and laterite 305 

samples, but with distributions that do not preclude a continuity of composition. 306 

Indeed, although scattered, the compositional variation of all samples (both soil and 307 

laterite) can be seen as differing mixtures of identical end members, one enriched in 308 

Si and Zr (which dominates the soil samples), and the other enriched in Nb, Ti and 309 

Cr (which dominates the laterites). Thus, from the XRF data, the soils appear to be 310 

compositionally consistent with their derivation from the same substrate as the 311 

laterites. Nor do these data alone preclude at least partial derivation of the soils from 312 

the nearby laterite outcrops.  313 

 Computer-Controlled Scanning Electron Microscopy (CCSEM) 314 

Here we examine CCSEM-acquired data from the analysis of nine laterite and seven 315 

soil samples.  There were three paired soil and laterite samples (Sites 5, 7 and 10 in 316 

Figure 2). Data at the individual particle level were obtained on between 2,061 and 317 
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7,586 particles per sample. The CCSEM data were sorted through the 58-class 318 

scheme and the results are set out in Tables 1 and 2. Many classes in the scheme 319 

were populated by less than 1% of the total number of particles analyzed in the 320 

sample. For the sake of brevity, we have reported only on the class assignments 321 

where ≥ 1% of the total number of particles were reported in a class. Out of the 58 322 

classes this amounted to 20 classes populated by the soil particles and 15 populated 323 

by the laterite particles. The classes contained only inclusionary criteria (rules) 324 

defined by combinations of the pre-defined elements in a vector file. The most basic 325 

classes consisted of one element. For example the Si-only class had a rule for a 326 

particle composition of only Si (quartz). As the classification scheme employed a 327 

linear sort for class allocation, the compositionally more complex classes were 328 

positioned lower in the scheme order with Class 100 (other) accounting for particle 329 

types not captured in any of the 58 classes. 330 

The soil and laterite samples yielded markedly different CCSEM classification results 331 

(Tables 1 and 2). For example, the diversity of particles types was much smaller in 332 

the laterites compared to the soils (occupying 13 vs. 18 classes). More tellingly, only 333 

two classes recorded particles from every one of the seven laterite samples 334 

examined (30 and 37), while four classes (1, 8, 30 and 37) recorded particles from 335 

every one of the seven soil samples examined. At the class level, most of the laterite 336 

particles (52-91% (average 74%) in the nine samples) occupied class 30 (Al-Si-Fe 337 

composition), and, fewer laterite particles (2 -15% from three samples (average 8%)) 338 

were recorded in class 8 (Al-Si). In contrast, soil particles from all samples were also 339 

assigned to classes 8 and 30, but there were substantially fewer soil (than laterite) 340 

particles in class 30 (44-58% (average 50%)), while a greater number of soil (than 341 

laterite) particles were recorded in class 8 (6-26% (average 12%)). Also, while soil 342 

particles populated classes 36 (Na-Al-Si-K), 47 (Mg-Al-Si-K-Fe), and 52 (Na-Al-Si-K-343 

Fe), either none or a non-significant number of laterite particles was recorded in 344 

these classes.  Examples of soil particles with these compositions plus an example 345 

of a soil particle with an Al-Si composition (class 8) are set out in Figure 4. Iron is 346 

highly abundant in the soils and the laterites, although less abundant as Fe-only 347 

particles (as oxides, etc.). CCSEM shows that such particles were present as 348 

irregular fragments in both soils and laterites (e.g., Fig. 5c), and rarely was any 349 

crystal habit observed. Some exceptions are documented in Figure 5. Goethite after 350 
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pyrite was observed in one of the soils (Fig. 5a), and botryoidal haematite was 351 

observed in a laterite (fig. 5d). In addition, micrometre-sized stellate crystals 352 

composed of Fe were observed in the soil (Fig. 5b).  353 

On an individual particle basis, while there was a marked difference in the number of 354 

soil particles compared to laterite particles assigned to class 30 (Al-Si-Fe), there 355 

were also differences in the relative proportions of the elements that constitute these 356 

particles. Consistently, there was a greater proportion of Fe in the laterite particles 357 

than in the soil particles assigned to class 30. This was most obvious when class 30 358 

element concentrations (for Al, Si, and Fe) were extracted from the laterite and soil 359 

CCSEM data sets, and graphed on ternary plots. The clearest examples of these 360 

differences were provided by the class 30 data for soil 6 (Fig. 6a) and laterite 0 (Fig. 361 

6b). While there are some high Fe concentration particles in class 30 for soil sample 362 

6A, the trend is towards a cluster of high Si and Al and low Fe particles. In contrast, 363 

the majority of class 30 particles identified in laterite sample 0A had high Fe and low 364 

Al and Si concentrations. It is perhaps worth noting that the abundance of class 8 (Al 365 

and Si) particles in the laterites is less than in the soils and precipitation of Fe, 366 

because it is enriched in the laterites, may lead to a higher Fe content in the Al-Si-Fe 367 

laterite particles. The element concentration differences between soil and laterite 368 

class 30 particles were underscored by morphological differences revealed by a 369 

visual examination in the SEM. Examples of Al-Si-Fe particles from soil sample 10A 370 

are presented in Figure 7 (a-d). These particles with lower Fe content are sub-371 

angular to rounded in shape, and the BE contrast of the surfaces are consistently 372 

uneven with brighter areas exhibiting higher Fe levels. In contrast, the high Fe 373 

content examples of Al-Si-Fe particles from laterite sample 10A (Figure 8a-d) display 374 

an angular form, and generally have an unvarying BE contrast.  375 

 X-Ray diffraction (XRD) 376 

Samples were provided for XRD analysis in the hope that this technique would help 377 

to establish the mineralogical basis for any differences between the laterite and soil 378 

samples. Table 3 summarizes the XRD data from 10 laterite and 11 soil samples.  379 

The data for samples 1 (1A), 3 (3A), 4 (4A), 5, 5A), 6, (6A), 7 (7A), 8 (8A), 9 (9A),10 380 

(10A) and 11 (11A) are from adjacent laterites and (soils).  381 
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Comparison of spectra with reference samples using RockJock (Eberl, 2003) 382 

unambiguously identifies the quartz in all samples, and kaolinite (ordered rather than 383 

disordered) in all samples except for a single soil (Site 1). A reflection at 33.2°2θ 384 

(CuKα) cannot be attributed to either quartz or kaolinite, but is expected to be shown 385 

by both haematite (its largest expected reflection) and goethite (its third largest 386 

expected reflection). All other expected haematite and goethite reflections coincide 387 

with others from the more abundant quartz and kaolinite. The only possibility for 388 

independent verification of either haematite or goethite by XRD lies with reflections 389 

at 14.5 and 53.3° (goethite) and 54.4° (haematite), though all of these are partially 390 

compromised by reflections from kaolinite and quartz. These reflections correlate 391 

significantly with each other and with the 33.2° reflection (but not with reflections of 392 

quartz or kaolinite), suggesting that they are indeed reflections of haematite and/or 393 

goethite and that the occurrences of the two minerals are correlated. However, it 394 

must also be recognised that both minerals show a degree of variability, and the 395 

possibility cannot be ruled out that the 53.3° has been influenced by haematite alone 396 

and thus may not indicate the presence of goethite. The reflection at 14.5° 397 

unambiguously identifies goethite, but it is weak and thus poorly constrains its 398 

abundance. 399 

In addition to quartz, kaolinite, and haematite/goethite, small reflections at 8.8° 2θ in 400 

three laterite and two soil samples (similar magnitude in both types of material) 401 

reveal erratic occurrences of a 10Å sheet silicate. Mica cannot be firmly ruled out, 402 

but there is no sign of the many large reflections commonly seen for biotite or 403 

muscovite, so illite is more likely. 404 

All reflections present on the spectra are thus attributable to quartz, kaolinite, 405 

haematite/goethite and “illite”. Other minerals, if present, must make up less than 406 

about 1 weight percent of the material or may be hidden by the peaks of other 407 

minerals. There are no obvious reflections for aluminium hydroxides. Substantial 408 

amounts of gibbsite can be ruled out on this basis, but the less well-ordered 409 

boehemite, though not indicated, would leave a weaker and thus perhaps 410 

undetectable signal.   411 

Combining XRF and XRD to calculate mineral concentration estimates 412 
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The values shown for each mineral in Table 3 are those resulting from the 413 

calculations summarized below. The quartz XRD reflection at 26.6° 2θ correlates 414 

significantly with Si (not shown), but with the trend not passing through the origin, 415 

indicating (as expected, given the presence of kaolinite) that a mineral other than 416 

quartz also contributes to Si. This can be corrected by subtracting a factor for Al from 417 

the total Si. Using Si – 1.02*Al (the Si/Al ratio of kaolinite; Deer et al., 1966) to 418 

represent quartz, we retain a highly significant correlation with the XRD reflection (r = 419 

0.89, p < 0.0005) as well as a slightly improved coefficient of variation and a shift of 420 

the regression line such that the intercept is indistinguishable from zero. This 421 

association between corrected Si concentration and XRD reflections confirms our 422 

quantification of quartz. Scaling the XRD data this way gives the mean and range of 423 

14±6 wt.% for the quartz concentrations for the laterites (excluding Site 3), and 424 

43±20 wt.% for the soils. The Site 3 laterite is excluded owing to its outlying value 425 

(53% quartz, compared with 26% for the next highest laterite). 426 

The kaolinite XRD reflections at 12.3, 20.0, and 24.8° 2θ all correlate significantly 427 

with XRF Al concentrations, (P<0.0005 in all cases, r = 0.77, 0.79 and 0.75 428 

respectively), and show substantial coefficients of variation (60, 62 and 56%, 429 

respectively). This confirms that kaolinite is present. However, the Al is somewhat 430 

enriched relative to kaolinite in some of the laterite samples. This is consistent with 431 

the presence of Al hydroxides, but is very uncertain. There is no direct support for 432 

this from the XRD analysis.  Assuming that kaolinite comprises 20.9 wt.% Al (Deer et 433 

al., 1966), then the XRF Al concentration may be used to calculate the estimated 434 

kaolinite concentration. This yields 31±16 wt.% kaolinite for the laterite, and 13±18 435 

for the soil. The latter is very strongly skewed by the value for the soil from Site 4 436 

(58%); the statistics changing to 8±9 wt.% on its exclusion. 437 

The XRD reflection at 33.2°2θ shows a very strong association with XRF Fe (R2 = 438 

0.85, with the regression line passing through the origin). This confirms that the bulk 439 

of the Fe is present in the material as either haematite or goethite, which accords 440 

well with the results shown in Formenti et al. (2014a).  On the basis of comparisons 441 

between total Fe and the remaining Fe content after citrate-bicarbonate-dithionite 442 

(CBD) extraction, they show that in the Sahel dusts sampled, the mean percentage 443 

contribution of the oxides lies mostly between 64 and 68% of the total Fe.  If it is 444 

assumed (for the sake of initial calculations) that all Fe is present as haematite 445 
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(haematite being 70% Fe based on ideal stoichiometry of Fe2O3), then the XRF Fe 446 

may be used to quantify haematite (assuming all the Fe to be present in this 447 

mineral). This would indicate 25±10 and 5±5wt.% haematite for laterite and soil 448 

respectively. Calibration of the DRS results using the transfer function derived from 449 

the calibration set in Torrent and Barron, (2002) would suggest that the haematite 450 

comprises 53-57% of the two iron oxides combined in the laterites and 43-59% in the 451 

soils. It is important to note however that these estimates are based on a transfer 452 

function derived from linear extrapolation of the regression line in Torrent and Barron 453 

(2002) well beyond the limits of the calibration data set, especially in the case of the 454 

highest calculated percentages in the laterite samples. As noted by Deaton and 455 

Balsam (1991) this may introduce significant sources of error as yet unquantified. 456 

Using Formenti et al.’s (2014b) calculated concentrations for locally derived dusts 457 

from the region, the haematite percentage would likely be closer to 35-40% of the 458 

combined oxide total.  All the proposed concentrations presented in Table 3 are 459 

subject to a significant degree of uncertainty. It is also important to note that the 460 

estimated haematite concentrations in 7 out of 10 of the soils are significantly higher 461 

than those given in Balsam et al. (2014) where the values never exceed 4%. 462 

In light of the close correlation between the XRD based values for 463 

haematite+goethite and XRF derived concentrations for total Fe noted above, it is 464 

useful to compare XRF based Fe concentrations in the 11 soil samples in the 465 

Burkina Transect considered here with those in 33 samples from the Sahel region 466 

lying to the east of the transect (Oldfield et al. 2014), but within a similar range of 467 

mean annual precipitation. The mean Fe concentration for the Burkina samples is 468 

6.3 times higher than that from outside of the transect. Only 3 of the 33 samples 469 

have XRF values for total Fe that lie above the minimum value for the Burkina 470 

transect. A t-test on the log transformed values gives a highly significant difference, 471 

with t = 8.84. 472 

 Diffuse Reflectance Spectroscopy (DRS)  473 

Table 4 summarizes the results for 8 paired laterite and soil samples from the sites 474 

located in Figure 2. Figure 9 shows the first derivative (D 1) haematite plots for the 475 

paired samples and Figure 10 shows the second derivative (D 2) haematite plots for 476 

the paired samples.  For haematite, the D 1 and D 2 values are mutually consistent 477 
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(R2= 0.98) and both show that at every site, haematite concentrations in the laterite 478 

samples are significantly higher than those in the adjacent soils. The wavelength of 479 

the D 1 peak for haematite is consistently higher for the laterite samples than for the 480 

adjacent soils (Fig. 9). This may point to mineralogical differences, e.g., a higher 481 

level of Al substitution in the soils, but the lower peak heights for the soils leave open 482 

the possibility that the shift in wavelength is related to the lower concentrations 483 

(Deaton and Balsam 1991; Balsam et al. 2014).  In the case of the D 2 plots, 7 out of 484 

8 show a shift in the wavelength of the minimum values (Fig. 10). This shift is used 485 

by Liu et al. (2011) to detect a contrast in the degree of Al substitution between 486 

lithogenic haematite in loess layers and pedogenic haematite in the intervening 487 

palaeosols. The D 1 and D 2 values for goethite are not mutually comparable, with 488 

some of the D 2 values close to the detection limit. The D 1 procedure therefore 489 

appears to be more sensitive and the values more consistent. On the basis of these, 490 

goethite values in the soils exceed those in the laterites in 6 of the 8 samples.  491 

The aggregate XRD and DRS results for those samples used in both types of 492 

analysis are mutually consistent in showing significantly higher values for the 493 

combined iron oxides in the laterites compared with the soils. Depending on the 494 

basis of calculation using the XRD, XRF and DRS data, the laterites are between 3 495 

and 5 times richer in haematite+goethite than the soils.  496 

 Magnetic measurements 497 

Figure 11 shows the results of magnetic measurements of all samples from the 498 

transect. The results shown have been chosen to shed light on the extent to which 499 

our evidence supports or negates the proposition that erosion of laterite outcrops is 500 

the main process controlling the magnetic properties of the nearby soils. Whereas 501 

the majority of the paired samples have higher values in the soils for lf, the reverse 502 

is true for SIRM. Hard IRM at both -100 mT and -300 mT, expressed as mass 503 

specific values, are, in all but one pair of adjacent samples, higher in the laterites 504 

than in the soils. The ‘S’ values at -100 mT and -300 mT confirm that a consistently 505 

higher percentage of SIRM remains un-reversed in these fields in the laterites than in 506 

the soils. In all but two pairs, ‘Soft’ IRM values are higher in the soils, as are ARM 507 

values in all but one sample, and fd values in seven out of the eleven pairs. fd and 508 

ARM/SIRM values are higher in the soils in all but three of the pairs, and ARM/lf in all 509 
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but two.  The magnetic properties most directly reflecting the concentrations of fine, 510 

secondary ferrimagnetic grains of magnetite/maghemite formed through 511 

pedogenesis are those most strongly indicative of grains on the border between 512 

superparamagnetic (SP) and single domain (SD), with diameters around 20-25 nm, 513 

(fd, and fd %) and those within the narrowly defined SD range with slightly greater 514 

diameters (ARM) (Liu et al. 2005; Oldfield et al. 2009). From the range of 515 

measurements used here, it is not possible to establish conclusively whether 516 

magnetite or maghemite is the dominant secondary ferrimagnet.  Additional 517 

experiments on samples from the Sahel suggest that both magnetite and maghemite 518 

are present (Lyons et al. 2010). The values for these magnetic properties and for 519 

quotients derived from them are, with few exceptions, higher in the soils than in the 520 

laterites. The higher values for ‘Hard’ IRM in the laterites probably indicate a higher 521 

concentration of haematite, as is confirmed by the DRS results. In all but one pair, 522 

there is a consistent difference in the modified ‘L’ values (Oldfield et al. 2014), with 523 

those for the soils lower than those for the laterites. This suggests that the high field 524 

remanence in the laterites is relatively harder to reverse. This is further explored by 525 

means of the IRM acquisition experiments on three samples where the difference 526 

between the ‘L’ values for laterite and soil are high (Table 5; Fig. 12). All three 527 

laterite samples have three components: a ferrimagnetic component 1 with mean 528 

coercivity values ranging from 29 to 32 mT, component 2 with values between 144 529 

and 320 mT and the largest component 3 with values between 771 and 833 mT.  530 

Only one of the soil samples (7A) has three components. In all three, component 1 531 

dominates, with mean coercivity values ranging from 25 to 46 mT.  Component 3 532 

values lie between 650 and 811 mT. The component 2 value for sample from site 7A 533 

is 124 mT.  No samples reach saturation in a DC field of 1T.  534 

Discussion 535 

 Mineral and element comparisons from XRF and XRD.  536 

The primary question in evaluating the data from XRF and XRD is whether or not 537 

any of the results of the element and mineral analyses preclude the possibility of the 538 

soils being derived from eroded laterite exposures with no significant subsequent 539 

geochemical modification. The XRF and XRD results are, for the most part, mutually 540 

consistent in confirming that none of the recorded differences between the soils and 541 
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laterites conclusively preclude this. Most of the differences can be explained by the 542 

more sandy nature of the soils, hence a greater abundance of quartz, relative to 543 

kaolinite, which is the dominant clay mineral in the laterites.   544 

  Particle imaging and classification 545 

By contrast, the CCSEM analysis suggests that the soils and the laterites have 546 

different constituent particle profiles. The CCSEM classification results clearly 547 

demonstrate that the soils contain a much wider variety of particle types than the 548 

laterites. Moreover the particle assemblages in each are dominated by few specific 549 

particle types, although this is much more apparent in the laterites. The presence of 550 

Na-Al-Si-K-, Mg-Al-Si-K-Fe-, Na-Al-Si-K-Fe-, Na-Al-Si-Ca-Fe-bearing particles in the 551 

soils and their absence in the laterites is significant. The lack of these particle types 552 

in the laterite is likely the result of intensive weathering associated with laterite 553 

formation. The dominant association of Al-Si-Fe, we contend, may be due to 554 

kaolinite formation and associated Fe co-precipitation. Interestingly, Al-Si phases 555 

(likely kaolinite) are not significant in the laterite samples. We hypothesize that either 556 

any Al-Si phases in the laterites have evolved with Fe, or Al-Si formed (or was 557 

present) initially and there was subsequent Fe precipitation on this phase.  558 

Considering the questions of the extent to which the soils have been derived from 559 

erosion of nearby laterite exposures, the CCSEM data identify a far more diverse 560 

population of particle types in the soils compared to the laterites. To go from a 561 

laterite with few particle types to a soil with many more particle types (as identified 562 

here) by a process of weathering does not seem credible. Furthermore, when the 563 

majority of the laterite particles have a specific and limited element composition (Al-564 

Si-Fe) the likelihood that the soils have been derived entirely from erosion of nearby 565 

laterite exposures without any subsequent geochemical changes seems even less 566 

plausible.   567 

These results also have a bearing on the extent to which the magnetic properties of 568 

the soils are derived from the laterites. Fe precipitation seems quite different in the 569 

soils as compared to the laterites. The formation of coatings appears to be in a much 570 

more advanced state in the laterites, and the presence of Fe-only particles appears 571 

to be slightly more common in the soils. Thus it would not be unreasonable to 572 

assume that the magnetic properties of the soil reflect in situ pedogenic processes 573 
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rather than inheritance from the laterites. This does not preclude the possibility that 574 

there might be some, possibly windblown, contribution from the laterites to the soils; 575 

high Fe content Al-Si-Fe particles that dominate in the laterites are also found in the 576 

soils.  577 

 Origin of soil haematite  578 

Establishing the origin of the haematite in the soils is the second of the aims set out 579 

in the Introduction. For this, the most likely indicators are in the data from the DRS 580 

measurements (Table 4; Figs. 9 and 10).  In both the D1 (Fig. 9) and D2 (Fig. 10) 581 

plots, the wavelength of the peak haematite values in almost all cases is offset 582 

between the laterite and soil traces.  Whereas in the former case, differences in 583 

concentration cannot be precluded as a possible explanation, in the case of the D2 584 

curves, Liu et al. (2011) do not consider this to be a possible explanation. The traces 585 

shown here allow direct comparison with those in Liu et al. (2011; Fig. 2).  In their 586 

case, the plots for natural samples relate to loess and palaeosol samples from the 587 

central Chinese Loess Plateau. There, the authors show a clear contrast between 588 

the unweathered loess deposited during glacial intervals, reflecting a lithogenic origin 589 

with minimal signs of pedogenesis, and the buried soils developed during warm, 590 

moist interglacial intervals. Geochemical and magnetic analyses confirm that mature 591 

soils were formed during these intervals from Miocene times onwards (Hao et al. 592 

2008; Liang et al. 2009). In this case, therefore, there is a strong contrast in the 593 

dominantly lithogenic haematite present in the loess and the pedogenic haematite 594 

preserved in the palaeosols, for which Liu et al. (2011) infer a higher degree of Al 595 

substitution. The contrast between the two is clearly revealed in the wavelength shift 596 

captured by their D2 calculations. In the case of the laterite-soil comparisons 597 

considered here, the haematite in both is likely to reflect formation resulting from 598 

long periods of tropical weathering. Nevertheless, in all but one of the 8 pairs shown 599 

in Figure 10, there is a variable, but detectable shift. Whether the shift reflects 600 

greater Al substitution in the soils, or some other difference, for example in grain size 601 

or matrix, is not possible to resolve conclusively from the present evidence. The soils 602 

are, on average, less rich in Al than the laterites. Moreover, the deconvolution of the 603 

IRM acquisition curves (Table 5; Fig. 12) identifies a medium coercivity component 604 

(Component 2) that may be Al-substituted haematite in all three laterite samples, but 605 

in only one of the soil samples (see below).  606 
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Irrespective of the reason for the wavelength shift in the second derivative of the 607 

DRS spectra, we take it to indicate either that the haematite in the laterites and soils 608 

has developed independently in the two as a result of differences in the weathering 609 

processes experienced, or that any haematite transferred to the soils from the 610 

nearby laterites has been modified by further weathering in the soils under the 611 

climatic and pedogenic conditions prevailing subsequent to any erosive transfer. The 612 

latter interpretation is consistent with the eroded nature of the laterite outcrops close 613 

to the sites providing the soil samples (Fig. 1). Also strongly favouring the latter 614 

interpretation is the much higher total iron content in the soils in the transect 615 

compared with that in soils from the Sahel lying further to the east, within a region 616 

experiencing similar precipitation values, but not adjacent to laterite outcrops (see 617 

above).  618 

 Origin of the magnetic properties 619 

In most earlier papers comparing the magnetic properties of soils with those of 620 

substrates, the comparison was with material derived from unweathered bedrock 621 

(Oldfield et al. 1979; Walling et al. 1979). In the present case, the comparison is 622 

complicated by the fact that the putative source of the soils is highly weathered 623 

material. The most consistent differences between the laterites and soils confirm that 624 

the latter are richer in ferrimagnetic minerals, especially grains of stable single 625 

domain (SD) or finer sizes. The results of the IRM acquisition experiments (Table 5; 626 

Fig. 12) strongly reinforce this observation.  These findings are consistent with the 627 

neo-formation of pedogenic magnetite/maghemite during weathering and soil 628 

formation, irrespective of the original source of the iron present.  The consistently 629 

higher HIRM-100 and HIRM-300 values as well as the consistently ‘harder’ ‘S’ values 630 

in the laterites are consistent with the higher haematite concentrations indicated by 631 

the DRS analyses. The differences in modified ‘L’ values noted above are less easy 632 

to interpret in terms of magnetic mineralogy.  Hu et al. (2013) and Liu et al. (2015) 633 

identify marked differences in the coercivity of IRM and the DRS spectra in 634 

haematite on the basis of the degree of aluminium substitution.  They show that in 635 

the Chinese palaeosol-loess sequences they analyzed, low coercivity-high Al 636 

substituted haematite is a significant pedogenic component alongside lithogenic 637 

haematite with a much higher coercivity.  It is likely that component 2 in the IRM 638 

acquisition results reflects Al substituted haematite and its presence in all three 639 
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laterite samples analysed (Fig. 12; Table 5) is not surprising. It is also detectable in 640 

one of the three soil samples. These results suggest that there is no single, simple 641 

explanation for the differences in modified ‘L’ values shown in Figure 11. Overall, the 642 

magnetic properties confirm a much higher fine-grained ferrimagnetic 643 

(magnetite/maghemite) and lower antiferromagnetic (dominantly haematite) 644 

contribution in the soils. The enrichment in fine grained ferrimagnets points to 645 

pedogenic enhancement leading to the neo-formation of secondary 646 

magnetite/maghemite, as has been inferred from previous studies of Sahel soils 647 

(Lyons et al. 2010; 2012; Balsam et al. 2011; Oldfield et al. 2014). 648 

Conclusions 649 

The mineral and element analyses provided by XRF and XRD analysis do not 650 

preclude the possibility that eroding laterite exposures nearby have made a major 651 

contribution to the geochemical properties of nearby soils, nor do they preclude the 652 

alternative view that the soils have evolved independently.  Most of the differences in 653 

element and mineral constituents and proportions that they demonstrate can be 654 

explained by changes generated by different concentrations of aluminium and 655 

quartz, selective winnowing of fine soils particles and eluviation, the process leading 656 

to enrichment in the clay fraction at depths below those sampled and thus 657 

contributing to the relatively coarse grained, quartz-rich nature of the surface soils. 658 

The link between higher iron concentrations and proximity to eroding laterite 659 

outcrops noted above does however support the view that the laterites have had a 660 

strong influence at least on the total iron content of the soils. 661 

Particle imaging and characterization by CCSEM and EDS provide conclusive 662 

evidence that, despite their proximity to outcrops of eroding laterite, the soils and 663 

their constituent particles were not derived exclusively from the laterites.  Although 664 

the greater range of mineral classes in the soils might be interpreted as a result of 665 

aeolian inputs, the contrasts in particles within the same class shown in Figures 7 666 

and 8 are indicative of differences in origin and formation consistent with soil 667 

development independent of any inputs from the laterites.  The magnetic 668 

measurements confirm that several indicative magnetic properties of the soils, 669 

notably enrichment in fine-grained ferrimagnets and lower haematite content 670 
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compared with the laterites, reflect the effects of pedogenesis subsequent to and 671 

irrespective of any possible derivation from the laterites.  672 

Turning to the hypotheses considered at the outset, the evidence as a whole 673 

therefore precludes either of the two simplest and opposed hypotheses, namely that 674 

the soils reflect recent erosion from the existing laterite exposures with no 675 

subsequent geochemical transformation, or that the composition of the soils reflects 676 

weathering and pedogenesis entirely uninfluenced by proximity to the laterite 677 

outcrops.  We conclude that the relationship between the laterites and soils is more 678 

complex.  The results from XRF and XRD analyses, especially the evidence that 679 

total iron concentrations in the soils across the transect are, on average, over 6 680 

times those in soils less closely associated with eroding laterites, suggest that the 681 

development of the soils was not entirely uninfluenced by their proximity to the 682 

laterite outcrops. The evidence from the CCSEM, EDS, DRS and magnetic 683 

measurements, however, indicates that during the time elapsed since any material 684 

eroded from the laterite outcrops contributed to the formation of the soils or to the 685 

substrates upon which they developed, the subsequent passage of time has been 686 

sufficient to allow the development or incorporation of particle classes not found in 687 

the laterites and also modification of the haematite present in the soils, as well as 688 

their magnetic properties. The laterites appear to have been formed at least 24 689 

million years ago (Gunnell 2003) with little evidence for subsequent geochemical 690 

transformation. This long time interval has been sufficient for their erosion and the 691 

subsequent modification of the soils derived in part from that process, as well as for 692 

both weathering of the parent material underlying the soils and surface processes at 693 

the soil-atmosphere interface involving both deflation and deposition. We infer that in 694 

conjunction, these processes have led to the characteristics that have given the soils 695 

distinctive particle assemblages, iron oxide geochemistry and magnetic properties.  696 

The magnetic measurements presented here provide no support for the view that 697 

eroding laterites are responsible for the poor correlation between rainfall and soil 698 

magnetic properties along the transect reported in Oldfield et al. (2014), compared 699 

with the results summarised in Lyons et al. (2010), where a strong correlation was 700 

indicated.  A more likely explanation lies in the greater spread of rainfall values 701 

across the transects considered by Lyons et al. (2010).  In that case, rainfall values 702 
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range from <5 to >1300 mm p.a. In the later study, no values exceed 1000 mm p.a. 703 

and over 50% of the sites lie between the 200 and 600 mm p.a. isohyets.   704 

On this basis, the extent to which the red coloration and distinctive reflectance 705 

characteristics of the soils have been strongly influenced by erosion of laterite 706 

exposures remains an open question, since the DRS analyses include evidence that 707 

the haematite in the soils has resulted, in part at least, through in situ weathering and 708 

pedogenesis.  The present evidence provides no clear indication of the relative 709 

importance of these two interacting processes. None of the evidence presented 710 

counters the inference of a climate-soil magnetic susceptibility link inferred from 711 

previous research across the Sahel and Sahara transition. 712 
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Table 1. Class assignments (% total) for individual particles (data collected by CCSEM) for Burkina soils (see section 4.2). 

 Burkina 

soil 4A 

n = 3,240 

Burkina 

soil 5A 

n = 2,925 

Burkina 

soil 6A 

n = 5,194 

Burkina 

soil 7A 

n = 3,132 

Burkina 

soil 10A 

n = 2,061 

Burkina 

soil 11A 

n = 4,502 

Burkina 

soil 12A 

n = 5,767 

Class 
Class 

description        

1 Si-only 2.3 5.9 9.2 2.3 1.9 1.8 8.3 

3 Fe-only 1.5 2.1  1.4  2.9  

6 Ti-rich      2.5  

8 Al-Si-only 26.1 5.6 17.3 5.5 9.6 5.6 16.2 

17 Si-Fe-only    1.0  1.1  

30 Al-Si-Fe-only 48.7 51.2 43.6 43.6 51.5 58.1 52.6 

31 Al-Si-K-only 4.0 2.7 5.5 5.0 1.0  4.5 

33 Na-Al-Si-only    1.8    
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35 Na-Al-Si-Fe-only 
 4.4 2.1 7.8 14.3 1.1  

36 Na-Al-Si-K-only 
  1.0  1.0  0.6 

37 Al-Si-K-Fe-only 
5.9 7.3 4.9 6.5   3.8 11.4 5.0 

38 Mg-Al-Si-Fe-only 
 1.1    1.8  

39 Al-Si-Fe-P-only      4.6  

47 
Mg-Al-Si-K-Fe-

only  2.7  2.9 1.3 1.0 0.8 

49 
Na-Al-Si-Ca-Fe-

only   1.4  1.7   

51 
Na-Al-Si-K-Fe-

only  1.5  2.5 1.7 1.0 1.0 

57 Low Ti 
3.8 4.1 9.0 6.3 3.4  3.3 

58 Mn-bearing    2.0 1.3  0.6 

100 Other  
1.5 3.6  6.1 1.0 6.9 4.0 
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Table 2. Class assignments (% total) for individual particles (data collected by CCSEM) for Burkina laterites (see section 4.2). 

 Burkina 

lat. 0 

n = 6,713 

Burkina 

lat. 1 

n = 6,063 

Burkina 

lat. 3 

n = 6,944 

Burkina 

lat. 4 

n = 4,503 

Burkina 

lat. 5 

n = 2,061 

Burkina 

lat. 7 

n = 3,140 

Burkina 

lat. 8 

n = 3,998 

Burkina 

lat. 9 

n = 6,245 

Burkina 

lat. 10 

n = 3,422 

Clas

s 

Class 

description          

1 Si-only 
0.4  3.9    1.0   

3 Fe-only 
9.4   1.3     1.9 

8 Al-Si-only 
 2.0 14.7    8.6   

17 Si-Fe-only 
11.7         

30 Al-Si-Fe-only 
56.0 90.9 54.5 83.2 78.2 72.5 70.1 87.5  

31 Al-Si-K-only 
  2.0    2.5   

34 
Na-Al-Si-Ca-

only       1.0   
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35 
Na-Al-Si-Fe-

only 0.6  3.1 1.2  8.5 0.7 1.4  

37 Al-Si-K-Fe-only 
15.8 0.8 6.8 7.1 7.6 7.1 3.9 3.6 6.3 

40 Al-Si-Fe-P-only 
1.4         

49 
Na-Al-Si-Ca-Fe-

only 0.7   1.0      

57 Low Ti 
 4.2   10.3 2.3 3.4 0.8 1.5 

58 Mn-bearing      1.5    

100 Other  
1.3      4.0 2.1  
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Table 3.  X-Ray Diffraction data for laterites and soil samples The values shown are 

percentage contributions of each mineral to the total mineral content in each sample 

calculated as described in Section 4.4. The values for Haematite+Goethite are estimates 

subject to the caveats outlined in the text. 

 

Site          Quartz       Kaolinite Haematite + 

Goethite 

Illite 

 Laterite Soil Laterite Soil Laterite Soil Laterite Soil 

1 12 61 47 0 24 5 - - 

3 53 49 43 3 7 2 ++ - 

4 11 10 11 58 34 18 + - 

5 10 35 53 1 27 4 + - 

6 12 13 20 3 30 2 - + 

7 11 70 15 9 19 0 -   - 

8 24 62 38 10 12 5   

9 13 39 45 27 25 5   

10 10 46 18 6 35 5   

11 26 47 17 17 39 8   

 

 

 

  



 34 

Table 4. DRS results for paired laterite and soil samples from 8 sites located in Figure 2.  

D1 – First Derivative of percentage reflectance (Balsam et al. 2014), (Deaton et al. 1991);  

D 2 – Second Derivative of percentage reflectance (Scheinhorst et al. 1998; Torrent and Barron 2002; Torrent et al. (2007). Hm – Haematite; 
Gt – Goethite 

 

Site D1 D1 D2 D2 D1 D1 D2 D2 D2 D2 

 Hm Hm Hm Hm Gt Gt Gt GT Hm/Hm+Gt Hm/Hm+Gt 

 
Peak 

height 

Peak 

height 

Peak 

amplitude 

Peak 

amplitude 

Peak 

height 

Peak 

height 

Peak 

amplitude 

Peak 

amplitude 
  

1/1A 427 158 70 20 89 92 17 10 0.80 0.68 

3/3A 635 257 104 34 111 152 16 21 0.87 0.62 

4/4A 234 96 40 18 58 34 10 1 0.80 0.93 

5/5A 407 115 69 19 32 45 9 2 0.89 0.92 

7/7A 302 135 48 19 55 71 9 4 0.84 0.82 

8/8A 386 98 62 15 50 66 8 1 0.89 0.91 

9/9A 377 240 67 35 67 46 11 6 0.86 0.86 

10/10A 337 269 56 39 59 82 11 9 0.84 0.81 

 LAT SOIL LAT SOIL LAT SOIL LAT SOIL LAT SOIL 
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Table 5.  Acquisition of IRM - deconvolution results. 

B1/2 represents the applied field at which the mineral phase represented acquires half of its saturation IRM, i.e. the mean coercivity of that part 

of the IRM acquisition spectrum. The dispersion parameter (DP) represents one standard deviation of the log-normal distribution for each 

magnetic mineral component, thus expressing its coercivity distribution. The parameter ‘Relative contribution’ records the contribution each 

component makes to the total IRM acquisition up to 1T.  The B1/2 values are derived from the succession of peaks in the IRM acquisition 

diagrams (Fig. 10). Components with a B1/2 value of less than 70 mT are likely to reflect the contribution from ferrimagnetic minerals 

(magnetite/maghemite), and those with B1/2 values above 100 mT are likely to reflect the contributions from imperfect anti-ferromagnetic 

minerals (haematite and, to a lesser extent, goethite).  

 

 

 

         

          

Sample Component 1 Component 2 Component 3 

 
B1/2 

(mT) 

DP 

(mT) 

Relative 

contribution 

B1/2 

(mT) 

DP 

(mT) 

Relative 

contribution 

B1/2 

(mT) 

DP 

(mT) 

Relative 

contribution 

7 Laterite 32 2 0.13 420 2 0.15 771 2 0.72 

8 Laterite 29 2 0.37 144 3 0.19 800 2 0.44 

11 Laterite 30 2 0.12 375 2 0.15 833 2 0.72 

7A Soil 29 2 0.49 124 2 0.24 710 2 0.27 

8A Soil 46 3 0.73 
   

650 5 0.27 

11 A Soil 25 2 0.58 
   

811 2 0.42 
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Figure captions 

Figure 1.  Typical eroding laterite exposure and adjacent soil colored by haematite. 

Figure 2. Location map showing the sites sampled on the transect. 

Figure 3. Proportion Diagrams of selected elements determined by X-Ray 

Fluorescence. 

Figure 4. Scanning electron micrographs of Al-Si (a), Na-Al-Si-K (b), Mg-Al-Si-K-Fe 

(c), Na-Al-Si-K-Fe (d) -bearing particles from soil 6  

Figure 5. Scanning electron micrographs of Fe particles from soil 11 (a and b), and 

Fe particles from laterite 0 (c and d) 

Figure 6a. Ternary plot for the Al, Si and Fe concentrations for particles assigned to 

class 30 from the CCSEM analysis of soil site 6 (n = 2,263 particles) 

Figure 6b. Ternary plot for the Al, Si and Fe concentrations for particles assigned to 

class 30 from the CCSEM analysis of laterite site 0 (n = 3,760 particles) 

Figure 7. Scanning electron micrographs of Al-Si-Fe-only-bearing particles from soil 

10 (a.-d.) 

Figure 8. Scanning electron micrographs of Al-Si-Fe-only-bearing particles from 

laterite 10 (a.-d.) 

Figure 9. DRS. First Derivative results (D 1), for haematite in paired laterites and 

soils at eight sites. Site locations shown on Figure 2. 

Figure 10. DRS. Secod Derivative (D 2) results for haematite in paired laterites and 

soils at eight sites. Vertical lines pass through the minimum wavelength for each 

sample. Site locations shown on Figure 2. 

Figure 11. Results of magnetic measurements of all 14 samples (0 – 13) from the 

transect  

Figure 12.  IRM acquisition – de-convolution plots for 3 paired laterite and soil 

samples from sites 7, 8 and 11. 
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Figure 1.  Typical eroding laterite exposure and adjacent soil 
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Figure 2. Location map showing the sites sampled on the transect. 

 

 

 



! #!

 

Figure 3. Proportion Diagrams of selected elements determined by XRF. 
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Figure 6a. Ternary plot for the Al, Si and Fe concentrations for particles assigned to 
class 30 from the CCSEM analysis of soil site 6 (n = 2,263 particles) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6b. Ternary plot for the Al, Si and Fe concentrations for particles assigned to 
class 30 from the CCSEM analysis of laterite site 0 (n = 3,760 particles)
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Figure 9. DRS. First Derivative results (D 1), for haematite in paired laterites and soils. 
Site locations shown on Figure 2. 
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Figure 10. DRS. Secod Derivative (D 2) results for haematite in paired laterites and  
soils . Vertical lines pass through the minimum wavelength for each sample. Site 
locations shown on Figure 2. 
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Figure 11. Results of magnetic measurements of all of the samples from the 
transect.  
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Figure 12.  IRM acquisition - deconvolution plots. Site locations shown on Figure 
2. 
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