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Abstract

Terrestrial carbonate formations have been observed along the Sudano-Sahelian belt. They occur
in silicate watersheds, in calcium-poor and acidic settings, raising questions upon the mechanisms
behind these calcium- and carbonate-rich accumulations. The investigated study site is located in
Far North Cameroon, along the Mayo Tsanaga watershed. Carbonate nodules accumulate at the
surface, and are associated with clay-rich pediments, having mound morphologies within stream
networks. The questions addressed in this study are related to the origin of such formations and aim
to give new clues upon: (i) their pedo-sedimentary nature, (ii) the processes of formation and the
palaeoenvironment, and (iii) their age. Carbonate nodules are pedogenic in origin and associated with
soils in disequilibrium with present-day conditions. Their properties are close to Vertisols and were thus
termed Vertisol relics. Their various geomorphologic al settings show the role of erosion in their genesis.
Present-day Vertisols are observed downstream in waterlogged areas. Vertisol areas were thus proposed
to have been extended, parallel to waterlogged areas, during a past wetter climatic period, possibly
the African Humid Period (AHP, 14.8 ka to 5.5 ka). The end of the AHP, accompanied by the increase of
aridity, would have triggered the erosion of the landscape. Pedogenic carbonate nodule petrography
and geochemistry revealed that they should have formed in soils affected by water-table fluctuations,
at a time where an open forest was present and where hydric conditions were becoming drier. A
parallel study showed that the calcium (Ca) from the nodules is mainly local, and was thus probably
accumulated in the ecosystem before being transferred in the nodules. To precipitate, calcitic carbonate
nodules need alkaline conditions. The discovery of oxalate crystals within the nodules showed that
the engine of alkalinity could have been the Oxalate-Carbonate Pathway (OCP). This system links
producer (vegetation, fungi) and consumers of oxalate (bacteria), leading to the alkalinisation of the
surrounding environment, through oxalate oxidation. Consequently, Ca would have been weathered
from the saprolite and further accumulated in the wet forest-soil ecosystem. Since the environmental
conditions became drier, the vegetation decreased, freeing elements and oxalate, activating the OCP
and leading to carbonate nodule precipitation. The chronological framework was time constrained and
validated using multi-dating tools. It was showed that (i) the soil parent material deposited during a
drier period, from 18 ka to 12 ka; (ii) the pedogenesis in a wet and forested environment occurred during
the main humid period, from 11 to 8 ka cal BB, (iii) the carbonate precipitated from 7 to 5 ka cal BB, when
climate was shifting toward drier conditions, and finally, (iv) the erosion should be post-carbonate
formation, i.e. after 5 ka cal BP. Consequently, water balance changes linked to the monsoon system
front migration during the Late Quaternary, controlled the pedo-sedimentary processes involved in
Vertisol relics formation. Terrestrial carbonate formations are thus precious archives.

iii






Résumé

Des formations carbonatées ont été observées le long de la zone Soudano-Sahélienne. Ces formations
riches en calcium et carbonatées se trouvent paradoxalement dans des bassins versants silicatés,
pauvres en calcium et en contexte acide. Se pose donc la question de savoir quels sont les mécanismes
génétiques menant a ces formations carbonatées. Un site d’étude localisé dans I'Extréme Nord du
Cameroun, dans le bassin versant du Mayo Tsanaga, a été étudié pour amener des éléments de réponse.
Dans les zones en érosion, des nodules carbonatés sont accumulés a la surface de sols riches en
argiles ayant des morphologies en dome. Les questions abordées dans ce travail concernent I’origine
de ces formations carbonatées et ont pour but d’étudier : (i) leur nature pédo-sédimentaire, (ii) les
processus de formation et leur paléo-environnement, et (iii) leur age. Les nodules carbonatés sont
pédogéniques et associés a des sols en déséquilibre avec les conditions actuelles. Les propriétés de
ces sols sont proches des Vertisols et peuvent donc étre définis comme des reliques de Vertisols. Des
Vertisols actuels peuvent étre observés en aval des reliques de Vertisols dans des zones inondées. Il a
donc été proposés que, durant une période plus humide, potentiellement la Période Humide Africaine
(PHA, 14.8 ka to 5.5 ka), les zones a Vertisols étaient plus étendues, et ce, en concomitance avec les
zones inondées. L'érosion du paysage serait liée a 'assechement des conditions a la fin de la PHA. La
pétrographie et la géochimie des nodules ont montré que, lorsque ils se sont formés, une forét ouverte
était présente, que les sols étaient soumis a des battements de nappe, et que les conditions hydriques
étaient en train de s’assécher. Une autre étude a aussi montré que le calcium (Ca) était local et qu'il
avait dii étre accumulé dans I’écosystéme avant d’étre transféré dans les nodules carbonatés. Pour
précipiter, les nodules carbonatés calciques doivent étre en conditions alcalines. L'observation de
cristaux d’oxalates dans les nodules suggere que la voie oxalate-carbonate pourrait étre impliquée. Ce
systeme lie des producteurs (végétaux, champignons) et des consommateurs (bactéries) d’oxalate, dont
I'oxydation mene a I’alcalinisation du milieu. Ainsi, le Ca aurait été libéré de la saprolite et accumulé
dans le systeme humide sol-végétation. Suite a 'asséchement des conditions, la végétation aurait
décru, menant a la libération des éléments et de I’oxalate, activant la voie oxalate-carbonate et menant
ala précipitation des nodules carbonatés. Cette chronologie a été validée avec différentes méthodes
de datation. Il a été montré que (i) le matériel parental des sols s’est déposé pendant une période
seche entre 18 ka to 12 ka, (ii) la formation des sols en zones humide et arborée s’est faite pendant
la période humide africaine entre 11 to 8 ka cal BP, (iii) les nodules carbonatés ont précipités a un
moment ot les conditions s’asséchaient, entre 7 to 5 ka cal BP, et finalement, (iv) ’érosion a d{ avoir
lieu apres cet épisode carbonaté, soit apres 5 ka cal BP. Des changements hydriques liés a la dynamique
de la mousson pendant le Quaternaire récent seraient a ’origine de la succession des processus pédo-
sédimentaires menant a la genése des reliques de Vertisols. Les formations carbonatées terrestres sont
donc de précieuses archives.
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General Introduction






1 State of the Art

This section gives an overview of the vast world of terrestrial carbonates and their importance in
biogeochemical cycles. Terrestrial carbonate formations from the Sudano-Sahelian belt are then
presented and their scientific challenges are addressed, according to the questions raised in this study.
Finally, a description of the general setting of Far North Cameroon is given in the second part of this
chapter.

1.1 What are terrestrial carbonates?

Terrestrial carbonates are continental carbonates forming in terrestrial environments without any
marine influence (i.e. non-marine carbonates). They form in the vadose zone, i.e. the unsaturated zone,
and are distinguished from aquatic carbonates, which are also continental carbonates, but formed in
the saturated zone, such as lacustrine limestones or travertines (Fliigel, 2004). Continental carbonates
seem to have developed mainly since the Devonian, when vascular plants with root systemes started to
colonise continental environments. Low p H levels, induced by the presence of organic and carbonic
acids produced by root systems, led to an increase of weathering, and resulted in the release of elements
in their ionic forms (Alonso-Zarza and Tanner, 2010; Brasier, 2011). Many depositional environments
have been described and they are reviewed in Figure 1.1. When excluding reworking processes, the
domain of surficial terrestrial carbonates mainly concerns the pedogenic carbonates, i.e. carbonates
formed in the soils, and palustrine carbonates, i.e. carbonates formed in swamps or wetlands.

1.2 Relevance for the study of terrestrial carbonates

1.2.1 Terrestrial carbonates as palaeoenvironmental archives

Terrestrial carbonates are sediments deposited in terrestrial environments (Fig. 1.1). These environ-
ments are characterized by specific biological, chemical and physical settings, which influence the
nature of the terrestrial carbonate. Consequently, the aim, when studying terrestrial carbonates, is
to track the natural characteristics and to relate them to a depositional environment. In order to
collect the information trapped in the carbonate properties, tools belonging to petrography (e.g facies
study) and geochemistry (e.g isotopic and elemental compositions) are usually applied. Nevertheless,
the identification of the natural characteristics, then used in the reconstruction of the depositional
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Figure 1.1 - Classification of continental carbonates in different depositional environments. Aquatic carbonates
are found in water-saturated conditions and terrestrial carbonates in the vadose zone, i.e. unsaturated. Fast hydric
changes can lead to overprinting processes (Freytet and Verrecchia, 1989; Fliigel, 2004).

environment, remains challenging. First, properties, both physical and geochemical, can be modified
since deposition, e.g. by diagenesis (Budd et al., 2002; Tanner, 2010). However, a common tool used to
identify diagenetic imprint in carbonate rocks is cathodoluminescence (CL). This method uses the fact
that trace elements, mainly manganese (Mn?*) and iron (Fe?"), induce cement zoning when included
in minerals (Machel, 2000). Moreover, compared to marine settings, which are evolving slowly in terms
of hydrological changes, continental settings can vary very quickly, inducing numerous variations. For
example, according to hydrological changes, a palustrine depositional environment can evolve toward
alacustrine or a pedogenic environment. Resulting carbonate will be then characterized by lacustrine
and pedogenic processes, which are overprinting palustrine processes (Fig. 1.1, Freytet and Verrecchia,
1989). However, knowing these limits, terrestrial carbonates have already proved their high value as
palaeoclimatic proxies (Tanner, 2010), and are thus valuable terrestrial palaeoenvironmental archives.

Zamanian et al. (2016) recently reviewed pedogenic carbonate characteristics. Their morphologies
are numerous and can be related to the surrounding environment in which they were precipitated,
e.g. rhizoliths to root systems, biospheroliths to earthworms, or coatings to water-table fluctuations.
However, some other morphologies cannot be directly related to a precise environment, such as laminar
cements, cemented soil horizons, or nodular morphologies. Pedogenic carbonate precipitations as
nodules are the most common form observed in many types of soils, but their formation processes are
still unclear (Zamanian et al., 2016). The geochemistry of pedogenic carbonates, particularly stable
carbon (§'3C) and oxygen (6'®0) isotopic compositions, can be used to trace the origin of carbon
and oxygen, respectively (Fig. 1.2). In vadose environments, the CO» () content in the soil is mainly
governed by the biological activity (i.e. soil respiration) and the diffusion processes leading to the mixing
of atmospheric COx(g) and respired CO,g). Consequently, the precipitation of pedogenic carbonate
from a soil solution (HCOg,, @) is considered to be in equilibrium with the soil CO;(g) (Cerling et al.,
1989; Cerling and Wang, 1996; Deutz et al., 2001; Hasinger et al., 2015). It is thus possible to predict
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Figure 1.2 — Stable carbon (A) and oxygen (B) isotopic composition of soil carbonates. Stable C isotopic composi-
tion of pedogenic carbonate is in equilibrium with the C isotopic composition of the soil CO», which represents a
mixing phase of CO» coming from the atmosphere and from the soil respiration. When the proportion coming
from the respiration is dominant, the vegetation type can be assessed as there is a relationship between the soil
CO3 and the composition of the soil organic matter (modified after Zamanian et al., 2016). Stable O isotopic
composition of soil carbonates reflects the O isotopic composition of water input (rain, water-table), intensity of
the outputs (i.e. evapotranspiration), and the temperature at which the carbonate forms (Cerling and Quade, 1993;
Hsieh et al., 1998).

the 6'3C of soil organic matter (SOM), soil COz(g), dissolved inorganic carbon (DIC), and pedogenic
carbonate, for given p H-T°C conditions (Clark and Fritz, 1997). Theoretically, there is a fractionation
between the SOM §13C and the soil COzg) S13C of 4.4%o (e.g. Cerling et al., 1991; Aravena et al., 1992).
When water is infiltrating the soil (i.e. soil solution), the COx(g) can be hydrated (CO2(44)) and quickly
dissociated into bicarbonates (H COs( a q)) and carbonates (CO3 @ q)) anions, whose concentrations are
pH dependant. These processes are marked by different isotopic fractionation factors (¢'3C), which
are temperature dependant. At 25°C, the £'3C from the COz(g) to the HCOy, aq) is 7.9%o and from
the H COg( ag) to the CaCOsyy) it is 2.4%o (Clark and Fritz, 1997). Consequently, knowing the 6 13¢C of
the pedogenic carbonate, the SOM §'3C can be assessed, when making some assumptions of p H
and temperature. As SOM results from a mixing of different OM sources (plants, microflore) and OM
stabilities, it is generally possible to assess the proportion of the different types of plants (i.e. C3, C4, or
CAM; Cerling, 2014). Indeed, their 6'3C signatures is related to their photosynthesis pathway (e.g. C3,
C4, CAM) within the ranges given in Figure 1.2A. Finally, looking at the oxygen, the §'80 of pedogenic
carbonates is related to the §'80 of the soil water, i.e. the soil solution, and to the soil temperature.
The 680 of the soil solution depends on water inputs and outputs, i.e. the 580 of rainfalls and/or
the water-table, and the extent of evapotranspiration (Cerling and Quade, 1993; Hsieh et al., 1998).
Generally, under wet conditions, rainfall increases, evapotranspiration decreases, leading to lower soil
solution 6'80, and vice versa (Cerling an Quade, 1993; Hsieh et al., 1998).

Palustrine environments are characterized by shallow waters, generally < 1m, being submerged by
water or aerial exposed at different periods during the year. These characteristics differentiate them
from lacustrine environments, i.e. with a water body depth > 1m and always submerged, and from
inland environments, i.e. always emerged (Verrecchia, 2007). Palustrine carbonates are difficult to
study because they often show features induced by pedogenic processes (Freytet and Plaziat, 1982).
Due to these peculiar and changing hydric conditions, i.e. related to water-table fluctuations, palustrine
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carbonates show many different facies and microfabrics (Freytet and Verrecchia, 2002):

e Marmorization is the mobilization of iron due to changes in redox conditions, which can accu-
mulate in the carbonate and form pink, purple, red and/or yellow patches.

* Cracking can occur vertically, horizontally or can be curved.

* Root traces, or rhizoliths, are various and five major types were described by Klappa (1980): root
moulds, root casts, root tubules, rhizoconcretions, and root petrification.

» Vadose cements are characterized by discontinuous coated pore walls.

¢ Nodulization.

Palustrine and pedogenic carbonates are thus sharing similar features, i.e. root fabrics, nodule oc-
currences, etc. Concerning their geochemistry, very commonly, palustrine carbonates §'3C and §'80
values are lower than in lacustrine carbonates and greater than in pedogenic carbonates (e.g. in
Alonso-Zarza, 2003). However, this will depend on the degree of overprinting of pedogenic processes
on palustrine carbonates. To summarize, the petrology and the geochemistry of terrestrial carbonates
can provide pertinent information on paleo-environments in which they were formed. However, the
precise processes behind their formations, is not yet entirely clear. To better understand the terrestrial
carbonate genesis, it is necessary to look at the chemical properties of their constitutive carbonate
minerals.

1.2.2 Their role in biogeochemical cycles

Terrestrial carbonates are part of the inorganic carbon reservoir of the continent in the global carbon
cycle. Due to its low solubility product (Qs, Equ. 1.1) at the surface of the Earth, calcite (CaCOs)
precipitates easily and is slightly soluble in water (Rotaru et al., 2006), making it the most stable
carbonate mineral at the surface of continents. Formation, sedimentation, and erosion of CaCOs at
the surface of the Earth are always associated with water (Geyssant, 2001) and precipitation of CaCOs
can be approximated as:

_ [HCO3][Ca?"] W
Q=—5m ,
Cagy+2HCOy, o — CaCOzg + HyO+ COyg) (1.2)

This simple chemical reaction (Equ. 1.2) shows that terrestrial carbonates connect carbon, calcium
and water cycles, all transient and exchanged compounds of different reservoirs, i.e. the hydrosphere,
the atmosphere, and the geosphere. Element and molecule pathways between the reservoirs occur
through various processes (Fig. 1.3). Carbon and water are transferred from the atmosphere to
the biosphere by photosynthetic organisms (e.g. plants). Carbon transits from its inorganic and
oxidized state (CO2(g)) into its organic and reduced state (organic matter simplified as < CH>O >).
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Figure 1.3 — Terrestrial carbonates precipitate from a solution enriched in elements originating from the Geo-
sphere (Ca, grey arrow) liberated during weathering processes, from the Atmosphere, captured by photosynthetic
organisms (C, black arrow) or coming from atmosphere and/or water (H» O, white arrow). The three elements can
be in transit through the Biosphere throughout the solution. C can return to the Atmosphere by mineralization
processes and H» O can be evapotranspirated as gazeous water.

Organic carbon can be mineralized by heterotroph organisms and transformed back into COy(g), which
can be transferred to the atmosphere or to the hydrosphere as an aqueous molecule COz(4q). In
the hydrosphere H,O dissociates instantaneously and reversibly into H* and OH~ (Sposito, 1994).
The aqueous form of CO, reacts quickly with water ions to form carbonic acid (H>CO3(4q)), which
dissociates into bicarbonates (HCOy q)) and carbonates (C O%(_a q)) anions, according to pH and pCO,
(Clark and Fritz, 1997). Water can also be transferred directly from the atmosphere to the hydrosphere
through precipitation, i.e. rainfall, and can go back to the atmosphere from both biosphere and
hydrosphere compartments through evapotranspiration processes. Calcium is mainly present in
minerals and can be easily weathered, according to p H, and transferred to the hydrosphere as a soluble
Ca?* cation. Due to its divalent charge and relative abundance, Ca?* from soils can be absorbed on
the exchange complex or incorporated as a structural element of secondary minerals (Likens et al.,
1998). It is also an essential nutrient for prokaryotes, fungi, plants, and animals (Likens et al., 1998),
and consequently, it can be transferred to the organic pool. When conditions in the hydrosphere reach
the equilibrium for calcite (e.g. saturation and pH = 8.4 (in standard conditions at the surface of the
Earth: 20°C, pCO; = 3.3 atm, Cailleau et al., 2005), this mineral can precipitate (Clark and Fritz, 1997).
Carbon and calcium are thus transferred into the terrestrial carbonates pool. The processes behind the
precipitation of terrestrial carbonates are numerous and can be either abiotic or biotic. The abiotic
pathway is related to supersaturation of the solution due to evaporation, temperature increase, and/or
pressure decrease (in Brasier, 2011). The biotic pathways include (i) biomineralization of external or
internal skeleton by some eukaryotes, (ii) the decrease of pCO, induced by autotrophic organism,
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e.g. root uptake, cyanobacteria, methanogens, (iii) changes in alkalinity induced by prokaryotic
heterotrophic organisms, e.g. ammonification, oxalotrophy, sulfato-reduction, and finally iv) fungal
metabolism (in Brasier, 2011).

Thus, most of the carbon composing terrestrial carbonates originates from the atmosphere. However,
the precipitation of CaCOs is also responsible of CO, production (Equ. 1.2). The last important point
related to carbonate rocks (including both marine and continental carbonates), is the carbonate-silicate
cycle described by the Urey reaction (Urey, 1952):

CaAl,SisOg+3H0+2C0; — Al SioO5(0OH)4 + Ca2+ + 2HC03_ (1.3)

where, CaAl,Si, Og is the anorthite and used as a proxy of silicate rocks. This cycle represents an im-
portant long-term global CO; balance (Berner et al., 1983). Moreover, if the calcium used to precipitate
CaCO0s is coming from the weathering of silicate rocks, two CO, are consumed during weathering and
one is finally trapped in CaCOs. Therefore, depending on the calcium sources, carbonate rocks can
represent a significant C sink.

Consequently, not only acting as a palaeoenvironmental archives, terrestrial carbonates are integral
parts of the global C cycle. By using a biogeochemical approach coupling carbon and calcium cycles, it
appears that some terrestrial environments can trap C. As is the marine world, the continent may also
be an important C trapping and its contribution should not be neglected.
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Figure 2.1 — Observation of terrestrial carbonates along the Sudano-Sahelian belt (not published: Durand, 1999;
Rajot and Sebag, 2011; Cailleau et al., 2012). The Chad Basin is represented by the grey borders.

Terrestrial carbonate formations have been observed all along the Sudano-Sahelian belt (Fig. 2.1).
In addition to their common latitudinal location, they also share the presence of large carbonate
nodule accumulations at the soil surface, although they all belong to silicate watersheds. These types
of carbonate formations are unexpected in such calcium-poor and acidic settings. In the Far North
region of Cameroon (Chad Basin, Fig. 2.1), carbonate nodule accumulations can reach 11 kg m? at
the soil surface. In the landscape, they are also associated with a clay-rich pediment forming mound
morphologies within stream networks. The main lithology of the watershed is granitic and gneissic and
thus poor in calcium (Table 2.1) and, as a paradox, the carbonate nodules are calcium-rich, with ~2000%
more calcium than in the granite. Multiple questions are thus raised from these field observations.
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How did such carbonate nodules form and in what kind of environment? Why are they accumulated at
the soil surface and associated with clay-rich soils having mound morphologies? What is the source
of calcium and how did this element accumulate in such an unfavourable chemical context? What is
the importance of these accumulations in the continental carbon cycle? Are the carbonate formations
found along the Sudano-Sahelian belt all genetically related? What is the time frame of their genesis?

Table 2.1 — Bulk chemical compositions of granite (Gr), soil (So), and carbonate nodules (No). So is compared to
Gr and No to So and Gr, to emphasize elemental enrichment or depletion.

Gr (wt-%) So (wt-%) So/Gr (%) Nod (wt-%) Nod-Gr (%) Nod-So (%)

Si0Oy 69.5 58.9 -15 13.5 -80 =77
Al O3 15.9 19.0 19 4.2 -74 -78
CaO 1.7 2.1 24 45.2 2559 2052
MgO 0.5 1.6 220 0.9 80 -44
Na,O 3.2 0.6 -81 0.2 -94 -67
KO 5.9 3.3 -44 0.8 -86 -76
FeyO3 1.7 6.0 253 1.5 -12 -75
MnO 0.02 0.2 195 0.04 117 -27

All these questions emphasize how pertinent are the scientific inqueries related to such intriguing
terrestrial carbonate formations. In the present work, a multi-scale approach, from the landscape to the
mineral-lattice scale, is used with the aim of understanding the origin and the evolution of terrestrial
carbonate formations through time. For this purpose, the following questions are addressed:

e What is the nature of terrestrial carbonate formations? What are the links with the other geomor-
phological units of the landscape?

e How did the terrestrial carbonate formations form? What are the processes and the paleo-
environmental conditions involved in their genesis and accumulation?

* When did the terrestrial carbonate formations occur? What is their age and how did they evolve
through time?

The study site is located in the Far North Region of Cameroon (Fig. 2.1). It has been investigated to
provide new clues to help solving these questions. The results of this study are presented in separated
parts of the manuscript and the methods used to address the questions are included in each specific
part, explaining the absence of a single chapter dedicated to them. A synthesis is proposed before the
general conclusions and perspectives of this work. Such a table of contents is also justified by the aim
to value each portion of the research as scientific publications. The part IT and the first chapter of part
IV are already published (Annexe L).

2.2 Far North Cameroon: study site and general settings

2.2.1 Geology and Geomorphology

The Far North Region of Cameroon is located between the following latitudes and longitudes respec-
tively: 10°04’N to 13°05’N and 13°34’E to 15°41’E. It belongs to the Sudano-Sahelian zone and its
hydrological basin is the Chad Basin, an endorheic basin (Fig. 2.1). This region can be divided into four
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main areas: 1) the Mandara Mountains (1500-800 m a.s.l.) in the SW, 2) the Dry Plain (500-306 m a.s.L.),
which includes the Diamare and the Internal plain, both units being separated by a quasi-continuous
sand belt, orientated SSE-NNW, 3) the Logone floodplain (306-290 m a.s.l.), which includes the Yayres,
and finally, 4) the Chari Delta, in the North (290-280 m a.s.l.). All the study sites are located in the
Diamare piedmont within the Mayo Tsanaga watershed (Fig. 2.2).

The geological basement of Cameroon belongs to the Saharan Metacraton, i.e. a craton that was
remobilized during an orogenic event but still recognizable (Abdelsalam et al., 2002). The craton is
Paleo-Proterozoic in age and was affected by the Pan-African Orogeny during the Early Precambrian
(Bertrand et al., 1983; Durand, 1995). The mountain ranges from Central Africa, such as the Hoggar,
the Tibesti, the Air or the Mandara, were formed during this period and their lithology is composed
of granite, gneiss, metasediments, migmatites, and granulites. The other parts of the Metacraton are
overlaid by Cretaceous rocks or Saharan sands (Abdelsalam et al., 2002). In West Africa, subvolcanic
intrusions, known as the Younger Granite, are post-Pan African Orogeny. During the Cretaceous, South
America broke away from Africa, reactivating the Pan-African faults (Cratchley et al., 1984). The opening
of the southern part of the Atlantic induced an important rifting in both West and Central Africa, i.e.
the Western and Central African Rifts (Genik, 1992; Abderamane et al., 2013). It was proposed that
the formation of basins, such as the Chad Basin, were related to the rifting processes (Louis, 1970).
Consequently, the sedimentation in the Chad Basin began during the Late Cretaceous (Morin, 2000;
Abderamane et al., 2013). Circa 56 Ma (Continental Terminal), the period of African lakes began, leading
to the deposition of solely continental sediments. However, the sediments from this period poorly
outcrop within the Chad Basin (Durand, 1995). The Benue trough has a Y-shape oriented SW-NE, and
its northern branch, the Chad rift or the Gongola rift, disappears under the Chad Basin and its eastern
branch, the Yola rift, can be followed until Sudan (Fitton, 1980, Ndougsa-Mbarga et al., 2007). The
Cameroon Line, an alkaline volcano chain associated with this rift, started to form during the Eocene
and lasted until the present-day in some areas (e.g. Mont Cameroon, Ngaoundere, Biu Plateau). The
activity at the origin of the Mandara Mountains is dated from 40 Ma to 27 Ma (Fitton, 1980; Fitton
and Dunlop, 1985). During the Miocene, the Chad Basin and the Chari-Logone drainage system are
formed (Morin, 2000). The Mandara Mountains are mainly composed of granite and gneiss, and the
greenschist facies of metabasalts, known as the green rocks of Maroua, constitute only a minor part of
the intrusion around Maroua (Brabant and Gavaud, 1985). Tectonic structures are thus frequent in
the basin; however, recent (Quaternary) tectonic activity, or neotectonics, in the basin remains poorly
documented (in Durand, 1982). Nevertheless, in the northern part of the Chad Basin, differences
between interdunal lake levels have been interpreted as the result of neotectonics (Servant-Vildary,
1978).

The Mandara Mountains are oriented SSW-NNE, they are steep and deeply incised by rivers. The
highest altitudes are found in the North (until 1500 m a.s.l.), whereas the southern part reaches only
900 m a.s.l. (Morin, 2000). The transition from the Mandara Mountains to the Diamare piedmont is
abrupt, with a decreasing slope from about 10% to 4-2%, which is a typical dryland landform associated
with slopes called pediment (Morin, 2000; Goudie, 2013). The pediment infilling is heterogeneous
and related to multiple pediment generations, which are the result of climate variations during the
Quaternary (Morin, 2000). From the foot of the Mandara Mountains to the Yayres floodplain, the
pediment evolves from a thin cover of weathered granitic sand, to a colluvium, and finally to an
alluvium with a grain-size distribution skewed to finer sizes. However, these settings are complicated
by evidence of lateral changes, such as a clay-rich intercalation pediment, possibly of palustrine origin,
and sand lenses resulting from changes in the Mayo riverbed (Morin, 2000). The clay-rich pediment,
with which carbonate nodules are often associated, outcrops along the southern bank of the Mayo
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Tsanaga, or is overlain by either alluvium (for example near Mora) or various generations of fersiallitic
pediments starting from the foot of granitic inselbergs, as observed around Maroua and in the region
of Kaele (Sieffermann, 1967; Morin, 2000). In the SE, before the sand belt, sand dunes constitute
two erg systems: 1) the Doukoula Erg oriented SSE-NNW, and 2) the Kalfou Erg oriented NNE-SSW,
characterized by reddish sands. The bottomlands of these ergs are frequently flooded. Eastern of the
ergs, the depression of Fianga forms in an ancient section of the Logone, where waters can flow either
in the Niger Basin through the Mayo Kebbi or in the Chad Basin through the Logone (2.2, Morin, 2000).
Further the sand belt, the slope is very gentle (0.5 to 0.2%). Before reaching the floodplain, emerged
plains, i.e. the Internal plain, extends from 320 to 306 m a.s.l. In the northern part, the Waza Erg
displays similar characteristics compared to the Kalfou Erg (e.g. grain size distribution and orientation).
Southern of this erg, the most energetic Mayos bring alluvium on a sandy-clayey sediment. Below 306
m a.s.l., the area can be flooded by the Logone. Three areas are distinguished from this altitudinal limit
towards Lake Chad, 1) the Little Yayre, a flooded meadow, 2) the Great Yayre, and 3) the Chari Delta.
Slopes range between 0.16 and 0.1% in the Yayres and drops <0.05% in the delta. Dark clay deposits,
which can be enriched in carbonates, characterize this floodplain. Coarser alluvium can interrupt
these clay-rich sediments, their frequency being higher in the Chari Delta (Fotius, 2000; Morin, 2000).

2.2.2 Climate and hydrology

The climate in Far North Cameroon is regulated by the monsoon system (LHote, 1998). The term
monsoon comes from the old Arabic word mausim, which would mean season (Beltrando, 2004). This
system is linked to the Intertropical Convergence Zone (ITCZ), which corresponds to the limit between
the northern and the southern hemisphere circulations, generalized at the global scale. The ITCZ
moves to the North during the boreal summer and to the South during the austral summer (Beltrando,
2004). According to the K6ppen-Geiger climate classification (Peel et al., 2007), the Far North region
of Cameroon belongs to the hot (h = mean annual temperature =18°C), steppic (S = mean annual
precipitation = 5% Pyj,,esn014), arid (B) climate type, i.e. BSh. Summer is generally hot and there is a
short well-marked wet season regulated by the monsoon. The weather station located in Salak, close to
Maroua, records an average annual rainfall of 800 mm and an average annual temperature of 27.6°C
(UHote, 1998). The potential evapotranspiration is 2193 mm and the dry season lasts seven months
with five months without any rainfall (Mahop et al., 1995). From January to April, the region is also
marked by dry NE trade winds, called the "Harmattan" (LHote, 1998).

Under these climatic conditions, streams are mainly ephemeral (mayo means ephemeral stream in
fulfulde, in Seignobos and Tourneux, 2002) and their regime is mainly influenced by the intensity of the
dry season (Olivry and Naah, 2000). The streams have a WSW-ENE-flow direction through the Diamare
piedmont from the Mandara Mountains to the Yayres floodplain (yayres or yaéré means floodplain in
fulfulde; in Seignobos and Tourneux, 2002) and are tributaries of the Chad Basin (L'Hote, 2000). The
Chad Basin is an endorheic watershed whose hydrological limit reaches the south of Maroua (2.2). Only
several river tributaries to the Mayo Louti in the SE and the Mayo Kebbi in the SW contribute to the
Benoue Basin, which belongs to the Niger Basin (Fig. 2.2). The rivers begin in the Mandara Mountains
and, as the slopes are steep in these parts of the landscape, the runoff is important and lies directly on
the bedrock. Between the mountains and the piedmont, the bedrock is patchily covered by granitic
sands and the slope drops to 4-2%, enclosing river flows. In the alluvial plain, the slope is < 2% and
riverbeds are less sharp due to frequent changes in flow directions and high alluvial load and reworking.
The most energetic Mayos, such as the Tsanaga, go through the sand belt. However, water almost never
reaches the Logone because slopes, as well as energy, continuously drop in this direction. The water
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flow disappears in the floodplain, where the solid charge is finally trapped (Olivry and Naah, 2000).

2.2.3 Soil and Vegetation

Soils of Far North Cameroon are diverse and their distribution in the landscape depends on soil parent
material and hydric conditions (Brabant and Gavaud, 1985). In the mountain area, the soils are coarse
grained (arena), poorly developed and can be classified as Lithosol and Regosol, i.e with no significant
profile development (IUSS Working Group, 2014). A mosaic of soils controlled by the variability of the
hydric conditions are developing from the piedmont to Lake Chad (Brabant and Gavaud, 1985; IUSS
Working Group, 2014):

* Gleysol, groundwater affected soils and/or underwater soils,

e Vertisol (or Karal in fulfulde), soils under alternating wet-dry conditions and enriched in shrink-
swell clays,

* Planosol, soils with stagnant water and abrupt grain size changes

* Solonetz, soils with high proportions of exchangeable sodium

The proportion of each type changes with hydric conditions, the Vertisols being favoured in the less
weathered areas. In the Erg region, Ferralsols, i.e. kaolinite- and oxide-rich soils, are associated with
sand dunes and a Gleysol-Vertisol-Planosol-Solonetz mosaic is also found in the lowlands. The same
arrangement is observed in the northern part of the Internal plain in the Waza Erg (Fig. 2.2). Fersiallitic
soils are observed around the massif of Maroua, i.e. on greenrocks of Maroua, but they evolve quickly
toward a Gleysol-Vertisol-Planosol-Solonetz mosaic in the piedmont. Finally, the Fluviosol type is
developing around the Mayos and the Logone-Chari rivers.

The particularity of soils observed in the Far North region of Cameroon is the fact that they were often
mapped as degraded soils. The local term used to emphasize this soil degradation is hardés. This term
characterizes soils that are very compact, with a low permeability, and a significant alkalinity. These
conditions make these lands sterile and only sparse vegetation can grow on them. These areas are
extensive, covering 886,500 ha, located mainly in the Diamare piedmont and in the Internal plain afore
the Yayres (Brabant and Gavaud, 1985).

The vegetation associations of Far North Cameroon are diverse and related to water availability, soil
types, and anthropic pressure (Fotius, 2000). Four ecological environments are distinguished, i) the
mountains, ii) the dry plain, iii) the floodplain, and iv) the delta. The vegetation in the Mandara
Mountains is of Sudanian type, but primary vegetation grows only at high altitudes (> 1200 m a.s.])
due to human occupation and pressure at lower altitudes (< 1200 m a.s.l). In the dry plain, the
vegetation type evolves indistinctly from a Sudano-Sahelian / Sahelo-Sudanian type to a Sahelian type
in the floodplain and the delta. In the Diamare piedmont, the "climacic" vegetation is characterized
by Anogeissus leiocarpus (i.e. the African birch), Sterculia setigera and Acacia hockii. However, as
stated above, the soils can be highly degraded (i.e. hardés) and characterized by variously intense
hydromorphic conditions. Consequently, different vegetation associations are associated witn these
two factors:

¢ hardés. Lannea humilis formation
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* Semi-hardés: Balanites aegypticaformation
¢ Intermediate Planosol-Vertisol: Acacia gerrardiiformation
¢ Stony vertic soil: Acacia hockiiformation

e Vertisol: Acacia seyal formation

To summurize, terrestrial carbonates occur by definition in the vadose zone and are mainly related to
soils and/or wetlands. They can be precious palaeoenvironmental archives and are part of the global
C cycle. Terrestrial carbonate nodules were observed in silicate watersheds along the whole Sudano-
Sahelian belt. In the Diamare piedmont, (Far North Region of Cameroon), they are associated with
soils having mound morphologies within stream networks. The piedmont lies between the Mandara
Mountains (granitic and gneissic) and the Logone-floodplain. The landscape is very flat leading to water
riverbed changes in the piedmont and even to water riverbed disappearance in the floodplain. The
infilling pediment in the piedmont is heterogeneous and evolves from a thin cover of weathered granitic
sand, to a colluvium, and finally to an alluvium with a grain-size distribution skewed to finer sizes,
which includes clay-rich intercalations. The climate is regulated by the monsoon system and is hot,
steppic, and arid (BSh type). A strong anthropic pressure is observed in the region, inducing soil and
vegetation degradation. In the following parts of this manuscript, questions addressed concerning the
origin of the terrestrial carbonates (what, how, and when) from Far North Cameroon will be approached
in distinctive parts.
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SYNOPSIS

This part aims at the understanding of the nature of terrestrial carbonates, as well as their sedimentary
and geomorphological relationships in the landscape. Non-anthropogenic earth mounds have
been observed in non-carbonate watersheds along the Sudano-Sahelian belt in the Chad Basin. In
the Diamare piedmont (Far North Cameroon), they are particularly well-developed within stream
networks and can be defined as mima-like mounds. In less eroded areas, they occur as whaleback,
flattened morphologies, or even as buried features. All these shapes are composed of clay-rich
sediment associated with high proportions of secondary carbonate nodules and Fe — Mn micro-
nodules. Their soil structure is prismatic to massive and vertical cracks are observed locally. Grain-size
distributions emphasize the clay-rich nature of the sediment, with average clay contents of 32% +
12.8% (n=186, at +10), which is significantly higher than the clay content in the adjacent sediments in
the landscape (mean = 10% + 4%, n=21, at +10). Moreover, high proportions of smectite characterize
the soil, with average contents of 34% + 7% (n=25, at +10). At the micro-scale, the groundmass
has a cross-striated b-fabric, with embedded smooth subangular quartz and feldspar grains of the
silt-size fraction. All the characteristics point to altered vertic properties in the clay-rich sediment
composing the mima-like mounds. Mima-like mounds are thus interpreted as degraded Vertisols or
Vertisol relics. Compared to present-day Vertisols occurring in the piedmont, mima-like mounds
are located upstream. It is proposed that the Vertisol areas were more extensive during a former,
wetter period. Subsequent changing climatic conditions toward drier conditions increased erosion,
revealing the gilgai micro-relief by preferential erosion in micro-lows rather than in micro-highs.
Mima-like mounds of the Chad Basin might thus result from pedogenesis combined with later erosion.
These local processes can be inherited from regional climatic variations during the Late Quaternary
and likely be related to the African Humid Period (14.8 ka to 5.5 ka).
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3 The origin of mima-like mounds from
Far North Cameroon

3.1 Introduction

Non-anthropogenic earth mounds occur in many parts of the world and the questions related to their
origin make them exciting features (Cramer et al., 2012). The debate is generally centred upon the
discussion of their abiotic or biotic origin. For example, earth mounds observed in South Africa (locally
termed heuweltjies; Moore and Picker, 1991; Francis et al., 2012) and Brazil (Funch, 2015) are attributed
to termite activity, but others provide some evidence they can result from differential erosion (Cramer
etal,, 2012). In North America, the geomyid pocket gopher may be involved in the mound (or mima
mound) formation (e.g. Cox, 1984), but the debate on their real capability to produce them is still
open (e.g. Butler, 1995). Silva et al. (2010) proposed that erosive processes combined with vegetation
patterns are the cause of earth mounds (campos de murundus) observed in Brazil instead of resulting
from termite activity. The origin of earth mounds changes from one region to another, but they have
some common features, such as their regular spatial distribution or their size (Cramer et al., 2012). It
was recently proposed that many of these different earth mounds, termed mima-like mounds, can be
explained by the combination of erosion and/or aeolian processes with vegetation patterns (Cramer
and Barger, 2014; Cramer and Midgley, 2015).

All along the Sudano-Sahelian belt, carbonate nodules have been observed in non-carbonate wa-
tersheds (Fig. 3.1A). In northern Cameroon (Fig. 3.1A), these nodules are associated with non-
anthropogenic earth mounds (Fig. 3.2). These new features have not been studied up until now.
In the Far North region of Cameroon (Chad Basin) they are frequently observed in the Diamare pied-
mont (Fig. 3.1B), and are particularly well developed within stream networks (10 m < diameter < 30
m and height up to 1 m). On Google Earth images (Fig. 3.2), they are distributed in eroded areas as
regularly spaced (i.e. over-dispersed, Appendix A) round features. They can be defined as mima-like
mounds due to their size and their spatial distribution. However, vegetation patterns do not play a main
role in their formation, whereas erosion processes do. Generally, mima-like mounds are associated
with sparse vegetation or none at all (Fig. 3.3). Consequently, the conditions under which they form still
remain unclear. The clay- and carbonate-rich association composing the mima-like mound sediments
was already described in the Diamare piedmont (Martin, 1961; Sieffermann, 1963; Brabant and Gavaud,
1985; Morin, 2000) and also farther away in the Chad Basin (Erhart, 1954; Pias, 1962; Bocquier, 1973).
Compilation of former and new field observations raises questions on the potential links that could
exist between these multiple locations. The clay-rich sediment, enriched in carbonate nodules, can
be interpreted as a layer (or multi-layer?) forming residual mima-like mounds in highly eroded areas.
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Figure 3.1 — A) Location of observed sediments associated with carbonate nodules (circles) along the Sudano-
Sahelian belt (MAP 900-500 mm/yr); mean annual precipitation ranges are given for the three climatic zones;
location of far North region of Cameroon (black rectangle). B) Far North region of Cameroon map showing, from
SW to NE, the Mandara Mountains, the Diamare piedmont, separated from the Yayres floodplain by a sand belt,
and finally, Lake Chad. Stars represent the study sites. They are located in the Mayo Tsanaga watershed, which
belongs to the Chad Basin (large dashed-line; Olivry et al., 1996). Circles indicate the location of the clay-rich
sediment outcropping as mima-like mounds within stream networks (Google Earth observations, Appendix A)
and generally found in hardés areas or degraded soil areas found upstream Karal soils, i.e. Vertisols, reported by

Brabant and Gavaud (1985).
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Regarding the soils developing from this clay-rich parent material, there are mainly Planosol, Solontez
and Vertisol (Brabant and Gavaud, 1985). However, these soils are often described and mapped as
degraded soils (Brabant and Gavaud, 1985). Interestingly, mima-like mounds are typically observed
in these degraded zones. This is consistent with their presence in eroded areas. However, could
pedogenesis have a specific role in their genesis?

[ Fersiallitic pediment [l Clay-rich sediment [ |Recent alluvium Granitic Mountains = = = - Ephemeral stream
@® Mima-like mounds

Figure 3.2 — Example of a Google Earth view (10°37°12.08”N, 14°11°13.55”E) showing regularly spaced (R=1.72,
over-dispersion, Clark and Evans, 1954, Appendix A) mima-like mounds outcropping within stream networks.
Beige alluvium surrounds them and less eroded areas display a reddish pediment interpreted as a fersiallitic
pedolith (Retallack, 2001). In the landscape the clay-rich sediment outcrops as dark mima-like mounds at various
stage in their development. The fersiallitic pediment is always observed overlaying the clay-rich sediment.

The aim of this study is to characterize sedimentological and geomorphological settings of mima-like
mounds from the Far North region of Cameroon and to propose a possible origin of their formation.
To achieve this goal, a multiple scale approach is used compiling (1) field observations, (2) grain-size
distribution and clay mineralogy data at the mound scale, and (3) thin-section observations. Roles
of pedogenesis and later erosion in the formation of mima-like mounds are investigated. Two main
hypotheses are proposed: (i) mima-like mounds observed in northern Cameroon are relics of Vertisols
associated with a gilgai micro-relief; and (ii) they result from abiotic processes related to the succession
of pedogenesis and erosion-deposition phases associated with Late Quaternary regional climatic
changes, and may thus be useful palaeoenvironmental indicators in the Chad Basin.
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Inselberg

Pediment

Figure 3.3 — A) Relationships between mima-like mounds and vegetation patterns. The clay-rich sediment is
devoid of vegetation compared to surrounding sediments, and shows sharp limits (dashed line), which makes
it easily recognizable in the landscape. B) Mima-like mound M1 located along the Mayo Tsanaga watershed
(Fig. 3.1B, 2013 field observation) surrounded by a fine alluvium and covered by carbonate nodules and Fe-Mn
micro-nodules. C) Trench through the mima-like mound M1 composed by a yellowish-grey, clay-rich and massive
soil matrix. Carbonate nodules (black square) and Fe — Mn micro-nodules (black circle) are also observed in the
soil skeleton (>2 mm). Pictures taken in September 2013. D) Landscape view according to the season, showing the
importance of erosion processes.

3.2 Material and methods

3.2.1 Sampling

Soil profiles are described according to the guidelines provided by the Food and Agricultural Organiza-
tion of the United Nations (FAO, 2004). Depth, percentage and components of the skeleton (>2 mm),
structure, relative abundance of carbonate (tested with 10% hydrochloric acid) and colour (determined
in the field with a Munsell colour chart) are given in Table 3.1. Samples were collected at two main
sites (Fig. 3.1B, stars). Trenches were opened through selected mounds. Soil profiles were described
each meter along the trench. The site investigated in 2013 is located along an affluent stream of the
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Mayo Tsanaga (Fig. 3.1B). A trench 12 m long and 1.30 m deep was opened through a well-developed
mima-like mound (M1, Fig. 3.3B, 3.3C). Twelve soil profiles (A to L, Table 3.1) were described and
sampled at 5-cm intervals in the first 10 cm from the top, and then every 10 cm. A second trench, 5
m long and 1.30 m deep, was opened through a less well developed and flattened mima-like mound
partially buried by a coarse-grained alluvium interfingering with the clay-rich sediment (M2, Fig. 3.4B).
Five soil profiles (N to R, Table 3.1) were described and sampled the same way as in mound M1. A last
profile (T, Table 3.1) was described in a fersiallitic terrace (P, Fig. 3.4A) overlying the clay-rich sediment
and sampled as in mounds M1 and M2. The site investigated in 2012 is located along the Mayo Tsanaga
(Fig. 3.1B). A trench 7 m long and 1.30 m deep was opened in a mima-like mound from centre to
perimeter (M3). Seven soil profiles (S, U to AB, Table 3.1) made at 1 m intervals were sampled every 5
cm. This second site was investigated during a different fieldwork campaign and soil descriptions are
not as complete as at the first site (Table 3.1, nd=no data). All samples were dried at 45°C and sieved
at 2 mm (fine earth fraction). A part of this fraction was crushed to a powder with an agate mortar
(grain-size <10 um). Carbonate nodules were collected as well, at various depths; some of them were
crushed with an agate mortar in order to have both small pieces and powders. Soil samples were put in
metallic boxes (8x8x4 cm) to make thin sections (thickness = 30 um). They were collected from mounds
M1, M2, and profile P at specific depths (Table 3.1). Samples were wedged in the best possible manner
to keep the original soil structure.

3.2.2 Analytical methods

Measurement of p Hypo was performed on the 2-mm sieved soil fraction. The soil was agitated in
deionized water with a 1: 25 soil to water ratio for 2 hours. The p H of the solution was then measured
with alab p H-meter (Metrohm SA).

Grain-size distributions were performed with the laser diffraction method (Malvern™ Mastersizer
2000). Carbonate and organic fractions were removed from the dried <2 mm soil fraction, using
10% hydrochloric acid (HCI) and 15-35% hydrogen peroxide (H»O;), respectively. Finally, mineral
particles were dispersed with Na-hexametaphosphate (40 g/L). Samples are put in water suspension
during the analysis (Hydro 2000S module). Due to their compositional nature, a centred log-ratio (clr)
transformation was applied to the data:

Xi

G(x;)

X, =In (3.1

where, x, is the transformed data, x; is the original data, and G the geometric mean of the x; variable.
Data resulting from the clr transformation were used to build a cluster tree by performing hierarchical
cluster analysis (CA). The groups were obtained using the Euclidian distance between samples and
the Ward algorithm for clustering. To compare the dissolution silicate residue trapped in carbonate
nodules with the embedding soil matrix, this specific fraction was taken as a group without going
through clr and CA processing. Each cluster is represented by its median and standard error of its
median (0 ed4ian):

o
O median = 1.253ﬁ 3.2)
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Clay-rich sediment i
Fine alluvium

Clay-rich sediment

[ Fersiallitic pediment [ Clay-rich sediment Coarse alluvium [~] Fine alluvium
& Ferruginous duricrust [7] Saprolite Bedrock

Buried Mima-like mound morphology

Figure 3.4 — Cross-section representing the various sediments observed in the landscape and the relationships to
each other. Pictures illustrate different situations represented in the drawing (black rectangles). A) Detail of the
fersiallitic pediment overlaying the clay-rich sediment (profile P). B) Example of a flattened mima-like mound
(M2) in contact with a coarse alluvium interfingering the clay-rich sediment. C) Detail of the contact between
the fine alluvium and the mima-like mound M1. D) Clear contact between a mima-like mound and the granitic
bedrock. The thickness of the clay-rich sediment and its contact with a deep ferruginous duricrust described in the
literature and/or the bedrock saprolite were not observed during the fieldwork. The clay-rich sediment outcrops
as flattened mima-like mounds, whaleback morphologies, or mima-like mounds depending on the intensity of
erosion, the fersiallitic pediment buries mounds in less eroded parts of the landscape.

where, o is the standard deviation of samples composing a cluster and n the number of samples
composing each cluster. For graphical reasons, the data are logarithmically transformed into phi (¢b)
values using the expression proposed by Krumbein in 1934 (Blott and Pye, 2001):

¢=-log,d (3.3

where, d is the grain-size in millimetres. Clay percentage interpolation (n=89) was performed using a
cubic interpolation with Matlab (R2014a 8.3.0.532). X-Ray Diffraction (XRD) analyses were performed
with both <2 ym and 2-16 um fractions. Carbonate was removed from dried 2 mm-sieved soil samples
with 10% HCl in an ultra-sonic bath for 3 minutes. The residual fraction was washed in order to remove
the excess HCL. Separation of the <2 um and 2-16 ym fractions was performed by centrifugation and
deposited on separate glass plates. Five samples per cluster resulting from the CA analysis were selected
and prepared for XRD analyses, which were performed using an ARL Xtra diffractometer (Thermo).
Clay minerals were identified according to their diffraction properties, i.e. the spacing (d) between
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rows of atoms and the angle of incidence (6), defined by Bragg’s law:

2dsinf = nA (3.4)

where, n is the number of wavelengths (Moore and Reynolds, 1997). The software PeakFit™ (Systat
Software Inc.) was used to deconvolve two parts of the diffractograms in order to discriminate between
the different components combined in the signal (Velde and Meunier, 2008). The first part ranges from
4°260 to 11°20 and refers to smectite, illite and interlayered illite-smectite. The second part ranges from
23°26 to 26°20 and refers to the second peak of kaolinite and the fourth peak of the chlorite, which are
overlapping. Kaolinite (cps) and chlorite (cps) were calculated as follows:

.. K002
Kaolinite=CK00l ————— (3.5)
K002+ C004
and,
X C004
Chlorite=CK00l ————— (3.6)
K002 + C004

where, CK001 is the first peak of the kaolinite overlapping the second peak of chlorite occurring at about
12.5°26, K002 is the second peak of the kaolinite occurring at about 24.2°26, and C004 is the fourth peak
of chlorite occurring at about 25.1°20 (Moore and Reynolds, 1997). The signals were first smoothed
and deconvolved with the residue method using the Pearson VII operator. Relative percentages were
calculated for smectite, illite, chlorite and kaolinite.

3.2.3 Thin section descriptions

Thin section observations are used to identify pedogenic processes involved in the mima-like mound
formation and to highlight the differences between sediments observed in the landscape. Thin section
descriptions are performed according to the guidelines given in Stoops (2003). Particular attention is
paid to the groundmass and the identification of pedofeatures, as they indicate lithology and weath-
ering processes, as well as past and present pedogenic processes, respectively (Stoops, 2003). The
characterization of the b-fabric, which is based on the patterns of orientation and distribution of
interference colours in the soil micro-mass, is the main descriptor of groundmass, whereas, coatings,
infillings, and nodules are mainly considered as pedofeatures (Stoops, 2003). Descriptors such as size,
abundance, boundary, sorting, shape, sphericity, roughness, roundness, orientation, mineralogy, and
colour, are used to differentiate the fabric units and patterns. The c/f related distribution, which is the
ratio between individual fabric units, small fabric units, and associated pores (Stoops and Jongerius,
1975), is used to describe the relationships between coarse and fine elements of the fabric.
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3.3 Results

3.3.1 Field and soil descriptions

Table 3.1 - Soil profile descriptions according to FAO (2006)’s descriptive codes for mima-like mound M1 (A to L),
M2 (N to R), M3 (S to AB) and the fersiallitic pediment (T). Horizons marked in bold represent the locations where
samples were collected to make thin sections. The p Hy»o was measured in the lab with a p H-meter.

Horizon  Depth (cm) Structure Skeleton (%) Skeleton comp. Munsell (moist) HC1 % pHpo

M1 AH2 9-24 AB to MA 1 Fe-Mn-ox/Cnod 2.5Y6/4 2-10 8.9
AH3 24-44 AB to MA 1 Fe-Mn-ox/Cnod ? 0-2 8.8
AH4 44-59 MA 0 - 2.5Y5/6 0-2 8.9
BH1 0-5 SAB to SG 0 - 2.5Y5/6 2-10 8.6
BH2 5-24 MA 0 - 2.5Y5/4 10-25 9
BH3 24-64 MA 1 Cnod 2.5Y6/6 ? 8.9
CH1 0-1 SAB 1 Fe-Mn-ox 2.5Y5/4 >25 8.8
CH2 1-9 SAB to MA ? 2.5Y6/4 0-2 8.9
CH3 9-29 MA 1 Cnod 2.5Y5/4 10-25 9.1
CH4 29-76 MA 1 Sil 2.5Y6/4 0-2 9
DH1 0-3 AB 1 Cnod 2.5Y5/4 10-25 9.1
DH2 3-24 MA 1 Fe-Mn-ox/Cnod 2.5Y5/4 0-2 9.1
DH3 24-60 MA 1 Cnod 2.5Y5/4 0-2 9.1
DH4 60-100 MA to SG 1 Cnod 2.5Y6/4 ? 8.8
EH1 0-5 SAB 5 Fe-Mn-ox/Cnod 2.5Y4/4 >25 8.9
EH2 5-34 MA 1 Fe-Mn-ox/Cnod 2.5Y6/4 0-2 9.1
EH3 34-114 MA 15 Fe-Mn-ox/Cnod 2.5Y6/4 0-2 8.9
FH1 0-10 SAB 3 Cnod > Fe-Mn-ox 2.5Y5/4 10-25 8.7
FH2 10-37 MA 2 Cnod 2.5Y6/3 ? 9.1
FH3 37-54 MA 15 Cnod 2.5Y5/4 0-2 9.6
FH4 54-100 MA 20 Cnod 2.5Y5/4 0-2 9.1
FH5 100-120 MA 5 Cnod 2.5Y5/4 0-2 8.7
GH1 0-7 SAB 2 Fe-Mn-ox 2.5Y6/3 10-25 8.6
GH2 7-32 MA 2 Fe-Mn-ox 2.5Y6/3 10-25 9.2
GH3 32-112 MA 15 Cnod 2.5Y5/4 2-10 9.1
GH4 112-128 MA 1 Cnod 2.5Y6/3 0-2 8.9
HHI1 0-7 SAB to MA 2 Fe-Mn-ox 2.5Y5/4 10-25 9.1
HH2 7-96 MA 10 Cnod 2.5Y5/3 2-10 9.2
HH3 96-120 MA to SAB 5 Cnod 2.5Y5/4 0-2 9
IH1 0-20 MA 5 Fe-Mn-ox/Cnod 2.5Y6/4 0-2 8.5
IH2 20-100 MA 0 - 2.5Y6/5 0 9
JH1 0-17 MA 0 - 2.5Y6/3 0 8.7
JH2 17-69 MA 1 Cnod 2.5Y6/3 0 9
KH1 0-5 SAB 1 Cnod 2.5Y5/4 2-10 8.5
KH2 5-35 MA 0 - 2.5Y6/2 0 8.3
LH1 0-35 MA 0 - 2.5Y6/2 0 8.5

M2  NH1 0-8 SAB 0 Cnod 2.5Y6/3 0-2 9.3
NH2 8-41 MA 20 Cnod 2.5Y6/4 0-2 9.5
NH3 41-115 MA 10 Cnod ? 0-2 9.5
OH1 0-7 SAB 5 Fe-Mn-ox/Cnod 2.5Y6/4 0-2 9.2
OH2 7-39 MA 15 Cnod 2.5Y5/3 10-25 9.2
OH3 39-110 MA 15 Cnod 2.5Y5/4 0-2 9.4
PH1 0-13 AB to SG 2 Cnod 2.5Y6/4 >25 8.1
PH2 13-45 SG 70 Mix 2.5Y6/4 0-2 9.1
PH3 45-100 MA 5 Fe-Mn-ox/Cnod 2.5Y6/4 >25 9.2
QH1 0-3 SG to SAB 70 Mix 10YR4/3 0 8.0
QH2 3-50 SG 70 Mix 10YR4/4 0 8.1
QH3 50-70 MA 2 Fe-Mn-ox/Cnod 2.5Y6/4 0-2 7.9
QH4 70-100 MA 1 Fe-Mn-ox/Cnod 2.5Y6/3 2-10 8.5
RH1 0-2 SG 70 Mix 7.5YR3/3 0 7.5
RH2 2-34 SG 70 Mix > Sil 10YR5/6 0 7.8
RH3 34-67 SG 70 Mix > Sil 10YR4/4 0 8.3
RH4 67-83 SAB 50 Mix 2.5Y6/4 0-2 8.5
RH5 83-95 MA 70 Mix 2.5Y5/4 0-2 8.2
RH6 95-100 MA 2 Fe-Mn-ox/Cnod 2.5Y5/4 0-2 8.2

P TH1 0-6 SG 0 - 10YR4/6 0 7.2
TH2 6-21 SAB 1 Sil 10YR4/4 0 7.4
TH3 21-42 SAB 2 Sil/Fe-Mn ox 10YR4/6 0 7.7
TH4 42-54 SAB 3 Fe-Mn-ox 10YR4/6 0 7.8
TH5 54-105 MA 3 Fe-Mn-ox 2.5Y5/6 0-2 8
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M3  SHI1 0-10 SG to AB nd nd nd 10-25 9.3
SH2 10-70 ABtoP nd nd nd 0-2 9.2
SH3 70-100 AB to MA nd nd nd 2-10 9.3
SH4 100-120 AB to MA nd nd nd 0-2 9.3
UH1 0-16 SGto AB nd nd nd >25 9.2
UH2 16-50 ABtoP nd nd nd 10-25 9.3
UH3 50-110 AB to MA nd nd nd 10-25 9.3
WH1 0-4 SGto AB nd nd nd 10-25 9.3
WH2 4-80 ABtoP nd nd nd 2-10 9.3
WH3 80-100 AB to MA nd nd nd 2-10 9.3
XH1 0-10 SG to AB nd nd nd >25 9.1
XH2 20-40 ABtoP nd nd nd 10-25 9.3
XH3 40-70 AB to MA nd nd nd 10-25 9.4
YH1 0-10 AB nd nd nd >25 9.3
YH2 10-30 ABtoP nd nd nd 2-10 9.4
YH3 30-60 ABtoP nd nd nd 10-25 9.4
ZH1 0-20 SGto AB nd nd nd 2-10 9.4
ZH2 20-58 ABtoP nd nd nd >25 9.4
ABH1 0-14 SGto AB nd nd nd 2-10 9.5
ABH2 15-50 ABtoP nd nd nd 2-10 9.5

The studied mima-like mounds are located in the Mayo Tsanaga granitic watershed (Fig. 3.1B). They
are distributed within stream networks and are regularly spaced (Fig. 3.1C) with R=1.72 (Appendix A)
meaning over-dispersion (Clark and Evans, 1954). They are easily identified because of their sparse
vegetation cover (Fig. 3.2A) and their darker colour (Fig. 3.3). The size of the mounds is up to 10
m in diameter and up to 1 m in height (Fig. 3.3B). Their nature can be referred to as the clay-rich
pediment layer described by Sieffermann (1967) and Morin (2000), to which carbonate nodules are
often associated (see Chapter 2). Field observations showed that mima-like mounds have various
heights; some are flattened, whereas others have whaleback morphologies (Fig. 3.4A, 3.4B). A fine beige
alluvium surrounds all the various types of mima-like mounds (Fig. 3.3, 3.4C). In less eroded and well-
preserved areas, a red-brown fersiallitic pediment, described by Sieffermann (1967) and Morin (2000),
overlies them (Fig. 3.2, 3.4A). Some flattened mima-like mounds are also partially buried by a coarse
alluvium interfingering with the clay-rich sediment (Fig. 3.4B). The various observed morphologies
are undoubtedly related to the intensity of erosion processes (Fig. 3.4). The peculiarity of mima-like
mounds is that their surface is completely covered by carbonate nodules (2 cm < diameter < 10 cm)
and Fe-Mn micro-nodules (Fig. 3.3B). These nodules can also be found in deeper horizons (Fig. 3.3C,
Table 3.1).

In the studied areas, the thickness of the clay-rich sediment composing mima-like mounds is still
unknown, as its base could not be reached. However, according to Morin (2000), it can be up to several
meters (about 6 m) in the northwestern area of Mora. Nevertheless, field observations suggest that
this clay-rich sediment has no genetic relationship with the granitic bedrock. Morin (2000) reported
the following sedimentary and lithological succession in the region, from top to bottom: (i) clays with
sand lenses, corresponding to the sediment composing the mima-like mounds, on (ii) a ferruginous
duricrust, overlaying (iii) a saprolite directly developed from the cratonic rocks. However, the clay-rich
sediment seems genetically related neither to the ferruginous duricrust nor the granitic bedrock. A
mima-like mound deposited directly with a sharp unconformity on granitic inselbergs emphasizes the
lack of any kind of causal relationship (Fig. 3.4D). However, more arguments are needed to strengthen
this assumption.

Twenty-seven soil profiles were described along the trenches and descriptions are given in Table 1.
The soils contain a very small amount of organic matter (less than 1%) and are essentially mineral
(Fig. 3.5). The structure is single grain to angular blocky in the surficial horizons, becoming angular
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Figure 3.5 — A) Soil profile Y in mima-like mound M3. The structure is angular blocky from surface to 10 cm
deep and angular blocky to prismatic below 10 cm (dashed line). Below 10 cm, slickensides are well developed
and associated with vertical cracks (arrows). B) Soil profile W in mima-like M3. The structure is single-grained to
angular blocky in the first 10 cm and angular blocky to prismatic below. Slickensides are also visible with vertical
cracks (arrows). C) Top photo: soil profile D in mound M1. The structure is angular blocky in the first 30 cm and
some preferentially oriented cracks are visible (arrows). The structure is massive below 30 cm and peds are blocky,
although cracks are less visible. Bottom photo: soil profile ] in mound M1. The structure is massive. Cracks, visible
in the lower part of the profile, are not well developed (arrows). White squares highlight some carbonate nodules
inside the soil profiles. Pictures of mound M3 were taken in July 2012 and mound M1 in September 2013.

blocky to prismatic or massive with depth. Some vertical cracks are visible in mound M3 below 10 cm
(Fig. 3.5A, 3.5B, arrows). Mound M1 shows some preferentially orientated cracks, such as in profile
D (Fig. 3.5C, top, arrows). However, the structure of M1 is angular blocky to massive in depth (Fig.
3.5C top, ped), and vertical cracks are locally visible but to a lesser extent compared to M3 (Fig. 3.5C,
bottom, arrow). Carbonate nodules (Fig. 3.5, white squares) and Fe-Mn oxides compose the skeleton;
soil colour is yellowish-grey and pHp»o is alkaline (8 < pHp20 < 10). The fine earth reacts to HCI
indicating the presence of diffuse carbonate (Table 3.1). However, the coarse alluvium interfingering
the clay-rich sediment in mound M2 has a single grained structure with a skeleton composed of silicate
minerals, mainly quartz and feldspars, and a dark yellowish brown soil colour. The fine earth does not,
or only weakly, react to HCl and p Hy2p are 7 < pHp20 < 8. The dark brown fersiallitic pediment has a
sub-angular blocky structure with a skeleton composed of silicate minerals. The fine earth does not
react to HCl, and p Hp0 is around 7. However, the lower part of the fersiallitic pediment displays the
same properties as the mima-like mound soils, with a massive structure, a yellowish-grey soil colour, a
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pHp20 > 8 and a fine earth weakly reacting to HCI.

3.3.2 Grain size distribution

Cluster analysis of grain-size distributions of all sediment samples (Fig. 3.6) generates seven clusters
(with a cophenetic correlation coefficient of 0.54, n=207). Each cluster is represented by its median (Fig.
3.6, black lines) and its associated standard error (Fig. 3.6, grey-shaded areas). The median and its error
are plotted as an independent cluster (n=10, no clr and no CA processing) for the silicate residue trapped
within the carbonate nodules, for comparison with other sediments. Six main modal classes (mci) have
been recognized (Fig. 3.6): mc1) coarse-medium sands, mc2) medium-fine sands, mc3) very fine sands-
coarse silts, corresponding to the desertic lcess window (Crouvi et al., 2010), mc4) fine silts, mc5) coarse
clays, and, finally, mc6) fine clays. These modal classes display various relative amplitudes and are used
to characterize each cluster type. The samples belonging to mound M3, especially those found on the
lower edge of the mound, are in the first cluster (n=18). Cluster 1 is characterized by five modal classes,
listed from higher to lower amplitudes: mc5 > mc3 > mcl > mc4 > mc6. The second cluster (n=21) is
fairly similar to cluster 1, with the same five modal classes characterized by similar amplitudes, except
mcl, which is shifted toward the coarse sands. It groups samples from the upper edge of mound M3
and from both convex sides of mound M1. Cluster 3 (n=41) groups samples from the surface of mound
M1 and five modal classes are identified: mc5 = mc3 > mcl > mc4 > mc6. The alluvium deposited
on the sides of mounds M1, M2, M3, and the transitional part between the fersiallitic pediment
and the clay-rich sediment in B, are represented by cluster 4 (n=16). This cluster is characterized by
four modal classes: mcl > mc3 > mc5 > mc4. Samples from the core of mounds M1, M2, and the
deeper part of P are grouped in cluster 5 (n=54). This cluster is characterized by five modal classes:
mc3 > mc5 > mcd > mcl > mce6. Cluster 6 (n=52) is fairly similar to cluster 5, except that mcl mode is
shifted toward very coarse sand. Samples from the core of M3 are found in this cluster. Finally, surficial
horizons from the fersiallitic pediment P are displayed in cluster 7 (n=5), with the following mode
amplitudes: mc3 > mc2 > mc4 > mc5. The carbonate nodule residue group (n=10) is characterized by
the following 4 modes listed from higher to lower amplitudes: mc3 > mc5 > mc4 > mcl.

Table 3.2 summarizes the mean, the minimal and maximal values of the clay, silt and sand contents (%)
for each cluster and for the silicate residue trapped inside the nodules. The maximal clay proportions
in the clay-rich sediment are > 30% and can reach 67% (e.g. in cluster 2). However, the clay content
can also be fairly low, e.g. in clusters 3, 5, and 6. In clusters 5 and 6, mean values are close to 20%.
As expected, alluvium and fersiallitic pediment have high proportions of sand, i.e. 47.6 + 6% and
63.2 +£10.1% in average, respectively. The silt-fraction is high, between 30 and 55% in all the clusters.
The silicate residue trapped inside the nodules has a high silt fraction content (52.2+3.5%) and displays
a maximal clay value of 39.2%. The sand proportion is around 20%.

At the mound scale, highest proportions in the clay fraction (50-70%) are found in both convex sides
and in the deepest layers of mound M1 (Fig. 3.7, mound M1 see Fig. 3.3B). The lowest values of
clay content (< 20%) are concentrated in a belt located in the middle part of the mound and at both
extremities.

3.3.3 Clay mineralogy

Smectite and kaolinite are the main clay minerals composing the clay-rich sediment, the alluvium,
and the silicate residue trapped in the carbonate nodules, whereas kaolinite is clearly dominant in
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Figure 3.6 — Grain-size distributions grouped in seven clusters represented by their median (black line) and
its associated standard error (grey-shaded areas). Clusters were processed according to the Euclidian distance
between the samples (n=207) using the Ward agglomeration algorithm (with a cophenetic correlation coefficient of
0.54). Data were previously transformed using the centred log-ratio method. Six modal classes (mci) are identified.
Their respective presence and amplitudes are used to characterize each cluster. The dark rectangle around 4 ¢
represents the desertic loess window (20-80 um) according to Crouvi et al. (2010). The cluster representing the
silicate residue of carbonate nodules (n=10) has not been included in the hierarchical clustering analysis in order
to directly compare this particular group with other sediments from the landscape. In order to provide a maximum
of information, the descriptive terminology used for sands and silts is adapted from the GRADISTAT program
(Blott and Pye, 2001) and the one for the clays from the United States Department of Agriculture. Abbreviations: v
for very, c for coarse, m for medium and f for fine.
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Figure 3.7 - Distribution of the clay-size fraction (%) in mima-like mound M1 according to a cubic interpolation
(n=89). Capital letters refer to profile names.

the fersiallitic pediment (represented by cluster 7; Table 3.2). Regarding the smectite/kaolinite ratio
(S/K) of samples belonging to each grain-size cluster and carbonate nodule residues (Table 3.2), their
mean values are above 1 in clusters 1, 6 and for carbonate nodule residues. They range from 0.5 to 1
in clusters 2, 5, and 4, and are < 0.5 in clusters 3 and 7. In terms of absolute values, the lowest S/K is
about 0.04 in the fersiallitic pediment. High ratio values are < 1 in clusters 3 and 7, between 1 and 1.5 in
clusters 2, 5, 6, and 4, and finally < 2 in cluster 1 and in carbonate nodule residues.

3.3.4 Soil micromorphology

Soil thin sections from mound M1 were sampled between 10-18 cm and 90-98 cm, respectively (Fig.
3.8A, 3.8B). Thin sections were also made in coarse and fine alluvium sediments (Fig. 3.8C, 3.8D,
respectively), and the fersiallitic pediment (Fig. 3.8E, 3.8F). The aggregate microstructure of the soil
composing the mima-like mound (Fig. 3.8A) is angular blocky, with long horizontal and vertical channel
voids between aggregates. The groundmass is composed of a very fine and unrecognizable clay fraction,
with a pale yellow and striated b-fabric (Fig. 3.8A, white arrows). The cross-striated nature of the
b-fabric is better observed at higher magnification (Fig. 3.8B, white and grey arrows). The groundmass
also includes a coarse silt fraction: the grains are essentially composed of quartz and sparse epidote,
feldspar, and biotite. The grains display a weakly weathered pattern, with a high sphericity, smooth
edges, but an angular roundness. The two major pedofeatures are Fe-Mn oxyhydroxide nodules and
carbonate nodules. They both are disorthic nodules, enclosing skeleton grains of similar nature to their
surrounding matrix, but with sharp boundaries. The coarse alluvium partially burying the flattened
mound M2 was sampled between 23 and 30 cm for thin sections (Fig. 3.8C). Peds are subangular
blocky. The groundmass is yellowish-brown, displayed as coatings around mineral grains but also as
broken coatings floating between the grains (Fig. 3.8CII). The coarse material is sandy and composed
of microcline, quartz, epidote, biotite, and feldspars. The only pedofeature is an anorthic Fe-Mn
oxyhrydroxide nodule. Finally, the c/f related distribution is chitonic. The structure of the fine-grained
alluvium surrounding mound M1 (2-10 cm) is horizontal and laminated (Fig. 3.8D). The coarse fraction
(mainly silt-sized) in the groundmass is well sorted and composed of quartz, feldspars, epidote, and
biotite. There is no fine material in the groundmass, except that associated with some rare relic peds
(yellowish-brown b-fabric). Anorthic Fe — Mn oxyhydroxide nodules and fibrous organic components
are the only observed pedofeatures. Finally, the c/f-related distribution is coarse monic. The structure
of the peds in the fersiallitic pediment (40-48 cm) is angular blocky (Fig. 3.8E). The colour of the
groundmass varies from pale yellow to yellowish-red. It is granostriated and porostriated, and coatings
are randomly orientated. Two classes of grain-sizes are observed, one in the fine silt fraction and
another in the fine sand fraction. Grains are mainly quartz and feldspars (weakly weathered), with a
smooth angular shape. Epidote and biotite are also present as accessory minerals. The b-fabric of the
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Table 3.2 — Mean percentages, standard errors of the mean (SEM), minimum (min) and maximum (max) clay, silt,
and sand contents (relative %), smectite, and kaolinite contents (relative %), and ratios of smectite/kaolinite (S/K)
in each cluster and silicate residue of carbonate nodules (= Residue).

Clay-rich sediment Alluvium  Fersial. ped. Residue
Cluster1 Cluster2 Cluster3 Cluster5 Cluster6 Cluster4 Cluster 7 -
n 18 21 41 52 54 16 5 10
Clay (%) Mean 49.5 52.4 39.2 23.9 22.8 12.0 4.5 26.2
SEM 2.2 2.2 1.4 1.0 1.0 1.0 0.8 2.8
Min value 36.7 45.5 28.1 14.0 9.1 7.6 3.3 22.1
Max value 56.2 67.0 48.6 35.0 33.0 16.4 6.3 39.2
Silt (%) Mean 40.6 34.3 42.1 46.0 55.0 40.4 32.3 52.2
SEM 1.9 1.4 1.3 0.8 1.1 3.0 3.9 3.5
Min value 34.5 26.0 35.3 40.2 48.0 32.3 25.7 29.3
Max value 53.0 39.7 51.4 52.8 68.4 55.3 39.5 479
Sand (%) Mean 9.8 13.3 18.7 30.1 22.2 47.6 63.2 21.6
SEM 0.8 1.2 1.0 1.4 0.9 6.0 10.1 3.0
Min value 7.1 7.1 14.2 22.1 16.0 37.1 54.2 10.6
Max value 14.9 17.0 22.4 41.6 29.4 53.7 70.9 20.4
n 5 5 5 5 5 5 3 12
S/K Mean 14 0.7 0.5 0.7 1.0 0.8 0.2 1.8
SEM 0.4 0.1 0.1 0.2 0.1 0.1 0.1 0.2
Min value 0.4 0.4 0.3 0.5 0.8 0.4 0.0 0.7
Max value 2.9 1.0 0.6 1.3 1.3 1.2 0.3 3.8
Smectite (%) Mean 42.9 30.4 25.1 29.8 40.7 33.8 12.2 46.0
SEM 8.9 3.6 2.8 7.3 2.8 4.6 0.8 4.2
Min value 15.8 20.2 14.1 4.5 35.0 23.8 10.2 24.1
Max value 70.1 42.4 29.1 47.9 48.4 49.4 13.1 71.5
Tllite (%) Mean 13.1 16.9 18.4 14.8 11.6 12.6 23.1 17.8
SEM 4.5 2.0 1.8 2.9 1.7 2.1 3.6 2.3
Min value 4.7 10.2 13.2 8.3 8.3 7.7 15.1 10.0
Max value 30.6 22.0 23.9 25.0 18.1 18.2 29.1 34.0
Kaolinite (%) Mean 37.4 45.4 48.1 46.7 40.2 46.1 54.1 30.6
SEM 4.6 1.9 1.9 4.1 2.1 2.9 3.1 2.3
Min value 21.4 40.5 43.1 35.5 35.9 34.9 48.9 16.2
Max value 46.8 49.2 53.5 60.4 46.7 50.4 60.9 44.1
Chlorite (%) Mean 6.5 7.2 8.5 8.7 7.5 7.6 10.6 5.6
SEM 1.0 0.7 0.3 0.4 0.5 0.7 1.4 0.9
Min value 3.8 4.8 7.7 7.9 6.5 5.8 8.9 2.3
Max value 9.6 8.7 9.2 10.1 8.9 9.6 13.7 10.7

groundmass in the fersiallitic pediment (between 14 and 20 cm) is granostriated and its colour varies
from yellow to red (Fig. 3.8F). There are two major grain-sizes, a fine silt and a fine sand fraction. In
the silt fraction, angular quartz and feldspar grains are mainly smooth. The sand fraction displays the
same mineralogy, with smooth- and subangular-shaped grains. Both fractions are weakly weathered.

3.4 Discussion

The presence of mima-like mounds in eroded areas of the landscape supports that erosion processes
are involved in their morphology. Field observations suggest that vegetation patterns do not play a role
in mound formation (Fig. 3.2, 3.3A). The question of another biotic factor (termite activity?) may be
involved is not totally ruled out, especially as the over-dispersion spacing of the mounds may support a
biotic origin (Cramer and Midgley, 2015). Nevertheless, thus far, observations indicate an abiotic origin
for mima-like mounds from northern Cameroon. Interestingly, the clay- and carbonate-rich sediment
composing mima-like mounds has already been described. It was observed (i) at various depths in
all the Diamare piedmont (i.e. in the Mora and Kaele plains), (ii) outcropping on the southern bank
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Figure 3.8 —Illustrations of soil thin sections, the black arrow refers to the top. Ox for Fe-Mn oxide nodule, nod for
carbonate nodule, fd for feldspar, mcl for microcline, qtz for quartz, ep for epidote, b for biotite, OM for organic
matter, Fe-cl for iron-clay coating, PL for polarized light and CPL for crossed-polarized light. A) Mima-like mound
(M1) between 10-18 cm: the groundmass is pale yellow and has a striated b-fabric, whose orientation is illustrated
by the white arrows (CPL). B) Mima-like mound (M1) between 90-98 cm: the grey and white arrows show the
cross-striated and striated orientation of the groundmass, respectively (CPL). The striated and cross-striated
nature of the b-fabric in the mima-like mounds (A and B) can be referred to as slickensides, which are typical
features resulting from shrink-swell processes. C) Coarse alluvium interfingering the clay-rich sediment in M2
(23-31 cm): a broken coating is shown in a white box (CPL); the c/frelated distribution is chitonic with a fine yellow
birefringence layer surrounding all minerals. D) Fine alluvium (2-10 cm) surrounding M1: several horizontal
deposits are shown and highlighted by black dashed-lines; relict peds (white arrows) show a c/f single-spaced
porphyric, (PL) and are found in a c/f coarse monic material. E) Fersiallitic pedolith between 40-48 cm (CPL): the
groundmass varies from yellow to yellowish-red and coatings are randomly orientated. F) Fersiallitic pedolith
between 14-21 cm (CPL): the groundmass is yellow to yellowish-red and displays a granostriated b-fabric.

of the Mayo Tsanaga (Siefferman, 1967; Brabant and Gavaud, 1985; Morin, 2000), and (iii) was even

35



Chapter 3. The origin of mima-like mounds from Far North Cameroon

observed farther away in the Chad Basin between the Logone and Chari rivers (Erhart, 1954; Pias, 1962;
Bocquier, 1973). Consequently, these repeated occurrences have led this sediment to be interpreted
as an extended layer, possibly associated to a specific regional deposition event (aeolian, palustrine?).
But how can mound morphologies be explained? Another interesting point is that mima-like mounds
systematically occur in areas described as hardés or degraded soil (Fig. 3.1B), questioning the role of
pedogenesis in their formation.

3.4.1 Mima-like mounds as Vertisol relics

Vertisols are clay-rich soils with a content = 30% in the <2 um size fraction (Wilding, 2004; Southard
et al., 2011; FAQ, 2014). The smectitic group of swelling clays (e.g. montmorillonite) represents the
main soil clay mineralogy. Consequently, soils swell and shrink when they undergo marked changes in
their soil moisture content (Hubble, 1984, Dudal and Eswaran, 1988; Mermut et al., 1996; Southard
etal., 2011). Swell-shrink processes induce important volume variations in the soil (Southard et al.,
2011). They can shape the ground surface with an alternation of knolls and depressions, known as
gilgai micro-relief (Prescott, 1931; Oakes and Throp, 1950; Hallsworth et al., 1955; Mermut et al., 1996).
They also lead to characteristic macro-features in the solum, such as vertical cracks, slickensides (or
grooved shear planes), and cyclic horizons, organised in micro-low, micro-high, and intermediate parts
at all depths (Wilding and Tessier, 1988; Eswaran et al., 1988, Wilding et al., 1990). The presence of
a vertic horizon characterized by these macro-features is needed to define a soil as a Vertisol (FAO,
2014). According to Wilding et al. (1990), micro-lows have deep A and Bss horizons, while micro-highs
have a thin A horizon, without any Bss horizons. When present, a Bk horizon in the micro-highs is
characterized by a higher content in hard secondary carbonate than in micro-lows.

Today, climatic conditions in northern Cameroon (chapter 2) are favourable for Vertisol genesis. In
terms of their global distribution, about 60% are found in the Tropics (Wilding, 2004). Brabant and
Gavaud (1985) described and mapped some Vertisols in the Diamare, but most of them are in the south
bank of the Mayo Tsanaga, near Kaele, or downstream near the sand belt. In the studied sites where
mima-like mounds are observed, Planosol, associated with Solonetz, is generally the soil type. However,
independently of the nature of soil, the striking feature is that mima-like mounds are observed in
degraded areas, i.e. hardés. Soil descriptions, grain-size distributions, clay mineralogy, and thin-section
observations suggest that mima-like mounds can be interpreted as degraded Vertisols or Vertisol relics,
which could possibly have evolved toward Planosol or Solonetz.

Soil observations demonstrate that cycling and vertical cracks are present in some parts of the mima-
like mounds (Fig. 3.5). Vertical cracks are observable in the mound M3 (Fig. 3.5A, 3.5B). In soil
profile D (M1), what can be interpreted as a Bss horizon seems to have been truncated (Fig. 3.5C,
top). Interestingly, the clay content in micro-lows can be slightly higher than in micro-highs (Yule
and Ritchie, 1980; Mermut et al., 1996). The truncated Bss horizon is located on the perimeter of
the mound M1, where the clay fraction reaches 67% (Profile D, Fig. 3.7). It may thus be interpreted
as an ancient micro-low. Cracks are less visible in the profile J (Fig. 3.3C, down) compared to what
is seen in M3. This could be due to the season in which the pictures were taken. In M3, they were
taken during the dry season of July 2012 and in mound M1 in September 2013, during the wet season.
The cracks generally occur during the dry season; it is likely that they were less visible in September.
Nevertheless, the soil structure observed in mima-like mounds is typical of swell-shrink processes.
Fe-Mn oxides and carbonate nodules are significant components of mima-like mounds (Fig. 3.3B,
3.3C) and they are known to be common features in Vertisols (Wieder and Yaalon, 1974; Ahmad, 1983).
Regarding grain-size distributions and clay mineralogy of the soil residue trapped in carbonate nodules,
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it is similar to the surrounding soil (Fig. 3.6, Table 3.2). Consequently, these nodules are secondary
pedogenic carbonate nodules precipitated inside the mima-like mound soil matrix. However, in
Vertisols, secondary carbonate nodules are generally observed in the Bk horizon, which occur at about
20 cm deep in micro-highs, or about 100 cm deep in micro-lows (Wilding et al., 1990, Kovda et al., 2003,
2006). In mima-like mounds, even if some nodules are observed in deep horizons, they accumulate in
large amounts at the surface, forming a cover (Fig. 3.3B, 3.3C). It is likely that the erosion of the surficial
horizons, leaving only the Bk horizon at the surface, explains this surficial nodule accumulation.

Regarding the grain-size distributions and the clay mineralogy in mima-like mounds, they are similar to
what is generally expected in Vertisols. The clay content in mima-like mounds is high, with an average
proportion of 32% (standard error of the mean = 0.935, n=186) and with maximum values reaching 67%
(Table 3.2). In addition, they contain a high proportion of smectite (Table 3.2), which is significantly
higher than in the overlaying fersiallitic pediment (mean S/K ratio = 0.2+0.1). However, even if these
components seem to be key features of the sediment forming mima-like mounds, they do not strictly
correspond to Vertisol characteristics. First of all, in some cases, the clay content can be < 30% (Table
3.2). The grain-size distribution shows that coarse clays are more abundant that fine clays, which is
generally the opposite in Vertisols well-structured (McGarry, 1996). Moreover, kaolinite can be the main
clay mineral composing the clay-size fractions, which is often the case at the mound surface (cluster
3, Table 3.2). But a potential and progressive denaturation of smectite or an exogenic and aeolian
contribution can explain this. Regardless of the reasons why kaolinite is dominant, these observations
show that smectite is not always the main clay mineral in the clay-rich sediment, whereas it should be
in Vertisol (Coulombe et al., 1996a). At the microscale, the b-fabric is striated to cross-striated (Fig. 3.8A,
3.8B), which is common in clay-rich soils subject to shrink-swell processes (Dalrymple and Jim, 1984;
Jim, 1990). These features are particularly observed in mima-like mounds and absent in the alluvium
or the fersiallitic pediment. All these observations point to Vertisols, but not exclusively. Consequently,
mima-like mounds from the Diamare piedmont are interpreted as degraded Vertisols or Vertisol relics.

3.4.2 From gilgai micro-relief to present-day mima-like mounds

The mima-like mounds from the Diamare piedmont may thus be interpreted as Vertisol relics. Vertisol
degradation implies that there was a phase during which the Vertisols developed and another phase
when they were degraded and eroded. The Bio-Rhexistasy theory, proposed by Erhart (1967), illustrates
this conjecture. He described two major environmental phases: (i) Biostasy phases are stable periods
characterized by dense vegetation cover, high soil development and biogeochemical weathering, during
which leaching processes, and biogeochemical deposits prevail. In contrast, (ii) Rhexistasy phases
are characterized by unstable periods due to drastic changes in ecosystems (rhéksis means to break
up). The decrease of vegetation cover and the destabilization of soils due to hydric changes favour
erosion and detrital sedimentary deposits. It is demonstrated that there is a critical threshold of 55%
vegetation cover, below which erosion rates increase rapidly (Snelder and Bryan, 1995, in Goudie, 2013).
At the regional scale, Vertisols are perfectly adapted to present-day climatic conditions and can easily
develop in the Diamare piedmont because of the presence of clay-rich sediment. However, Vertisols are
located at lower altitudes compared to mima-like mounds (Martin, 1961; Siefferman, 1967; Bocquier,
1973; Brabant and Gavaud, 1985). It can be hypothesized that the topography plays an important
role for Vertisol genesis in this region. This is explained by their chemical properties. Vertisols must
have a high content of clay with high surface area and usually be highly alkaline (Coulombe et al.,
1996a). The cation exchange capacity in Vertisols is typically high, saturated with Ca?*, Mg?*, and
Na*, depending on the clay mineralogy and the parent material. Moreover, the pH is often neutral to
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alkaline. These conditions, and a high silica activity, favour the stability and the formation of smectite
(Eswaran and Wong, 1978). On the contrary, leaching processes and acidic conditions induce the
denaturation of smectite and the formation of kaolinite, leading to the development of other types of
soils (Eswaran et al., 1988). The mima-like mounds are presently located in eroded and degraded areas
(hardés), but it is possible that these areas were not always degraded. Consequently;, it is proposed
that the extent of the area favourable to Vertisol genesis varied through time and reached mima-like
mound locations under different climatic conditions. To explain the link between Vertisol genesis and
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Figure 3.9 — Hypothetical erosion scenario leading to mima-like mound formation. Top: this figure is modified
from Coulombe et al. (1996b) and shows Vertisol genesis associated with a gilgai micro-relief characterized by
alternations of micro-highs and micro-lows. Secondary carbonate nodules form during Vertisol genesis in a Bk
horizon, developing at 20 cm in micro-highs and at 100 cm in micro-lows. Bottom: mima-like mound, or residual
gilgai micro-relief, after a phase of erosion and composed by relics of micro-lows and micro-highs (compare with
Fig. 3.7). Vertisol genesis at mima-like mound locations may occur during a Biostasy phase, characterized by
wetter conditions than in present-day; onset of erosion may correspond to a Rhexistasy phase, characterized by
drastic changes in climatic conditions.

mound formation, it is interesting to note that the diameter of mima-like mounds, which can reach up
to 10 m, is consistent with what is commonly observed in a gilgai landscape. The common distance
from the micro-high to the micro-low, or the radius, ranges from 2 to 5 m (Miller and Bragg, 2007).
Consequently, Vertisol genesis could have been associated with a gilgai micro-relief, during a period
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when Vertisol areas were extensive. This period of widespread occurrence can be defined as a Biostasy
phase (Fig. 3.9). Precipitation of secondary pedogenic carbonate nodules and Fe-Mn micro-nodules
are linked to Vertisol genesis, and thus, to this phase as well. Then, a Rhexistasy phase occurred as
a response to climatic changes, inducing a decrease in favourable areas for Vertisol genesis, and an
increase in erosion processes (Fig. 3.9). The gilgai micro-relief might have favoured preferential runoff
in micro-lows rather than in micro-highs, inducing pejoration of landscape irregularities. Consequently,
mima-like mounds observed in the present-day landscape are interpreted as residual micro-highs
and micro-lows inherited from the gilgai micro-relief and resulting from differential erosion (Fig. 3.9).
Furthermore, the wind has probably played a determinant role as an erosion agent. The Sahel of West
Africa is a place for high-velocity winds produced by intense baroclinal gradients. In these sub-humid
to arid areas, wind erosion is important and creates a diverse mosaic of morphologies such as inverted
relief or yardangs, for example, which are the result of wind deflation erosion (Goudie, 2013). The
mima-like mounds might be the result of contemporary interactions of both aeolian and fluvial erosion
systems. This erosion association is a topic of significant discussion (Goudie, 2013) but seems to be
effective particularly under short-term climate changes (Bullard and Livingstone, 2002). Independently
of the type of erosion agent, erosion of fine fractions from surficial horizons can explain the relative
accumulation, or pavement, of secondary carbonate nodules and Fe-Mn micro-nodules, normally
found in a deeper Bk horizon, as a layer at the mima-like mound surface (Fig. 3.3B). It also explains
the high clay content in both sides of the mounds (Fig. 3.7), which are the remaining parts of ancient
micro-lows (Fig. 3.9).

3.4.3 Sediments adjacent to mima-like mounds and landscape changes

Analyses of sediments adjacent to mima-like mounds provide evidence of landscape geomorphogene-
sis. The grain-size distributions in the alluvium (both fine and coarse) and in the fersiallitic pediment
are represented in clusters 4 and 7, respectively (Fig. 3.6). These two clusters lack a clay fraction
(Fig. 3.6, mc6). They are also different from each other with the presence of mc2 in cluster 7 and
a significant higher amplitude of mc5 in cluster 4. These variations can be explained by different
sources of sediments and/or transportation parameters (Vandenberghe, 2013). From their mineralogy
observed in thin sections (Fig. 3.8), they definitely differ in terms of transportation parameters rather
than sources of sediment. Coarse alluvium includes some broken clay coatings and a fine yellow
birefringence rim surrounds all mineral grains (Fig. 3.8C). This type of chitonic c/f related distribution
corresponds to periods of high energy (coarse fraction) followed by slow water flow, which resulted in
impregnations by fine material (Miicher et al., 2010). Field observations showed that the coarse allu-
vium was interfingering the clay-rich sediment of mound M2 (Fig. 3.4B), suggesting contemporaneous
deposition. In the fine alluvium (Fig. 3.8D), the fine fraction is only present as relic peds, demonstrating
the contribution of some reworked soils. Moreover, the S/K ratio in the alluvium varies between 0.45
and 1.23, which is close to the values observed in the clay-rich sediment, emphasizing the reworking
of this proximal sediment. The fersiallitic pediment shows a complete disorganization of the clay-Fe
coatings in the deepest horizon (Fig. 3.8E), while they are poorly marked in the surficial horizon (Fig.
3.8F). This disorganization indicates that fersiallitic pedofeatures are probably inherited and the soil
material reworked. Therefore, the fersiallitic pediment may instead be a fersiallitic pedolith (Retallack,
2001). In the landscape, this pedolith is always found above the clay- and carbonate-rich sediment
(Fig. 3.2, 3.4). This suggests they were reworked at the same time as the Vertisol surficial horizons,
during gilgai micro-relief erosion. This means that the fersiallitic soil developed during the same
period as Vertisols, but upstream. These interpretations strengthen hypotheses of high erosion events
(Rhexistasy phase) occurring in northern Cameroon after a phase favourable for soil development
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(Biostasy phase). Moreover, they emphasize the complexity of erosion-deposition processes in such
terrestrial environments. Finally, grain-size distributions (Fig. 3.6) for all the sediments, including the
clay-rich sediment, show a common modal class belonging to the desertic loess window (20-80 ym)
defined by Crouvi et al. (2010). At the micro-scale, well-sorted, smooth, and angular quartz, feldspars,
and a few epidote grains characterize this fraction (Fig. 3.8). These observations raise questions about
a possible aeolian contribution to the sediments. Maley (1981) already proposed an allochtonous
contribution of sediments to explain the wide extent of the clay-rich sediment layer in the Far North
region of Cameroon. Later, Mpeck (1994) studied the formation of Doyang, located in the south bank
of the Mayo Tsanaga, between Maroua and Kaele, a formation already studied by Sieffermann in 1967.
Mpeck (1994) proved the aeolian origin for this silty clay-rich deposit and emphasized its probable
reworking after deposition. As previously demonstrated, field observations suggest the absence of a
genetic relationship between the granite bedrock and the clay-rich sediment (Fig. 3.4D), making its
origin as a simple result of granite bedrock weathering unlikely. Nevertheless, more investigations are
needed to strengthen the hypothesis of an aeolian contribution to the mima-like mound area.

3.4.4 Are mima-like mounds inherited from Late Pleistocene-Holocene climatic
changes?

Two main phases can thus explain mima-like mounds (Fig. 3.9); (i) during Biostasy, the Vertisol area
was extended, and (ii) during Rhexistasy erosion increased, leading to Vertisol degradation in areas
corresponding to the present-day mima-like mound locations. The shift from one phase to another
probably results from changes in regional climates. It is proposed that the extent of Vertisol areas were
related to wetter than present conditions. An increase in erosion, and thus the formation of mima-like
mounds, can result from a serious decrease in the vegetation cover induced by climate change from
wetter toward drier conditions. With these two environmental constraints, it is possible to discuss the
potential role of Quaternary climatic changes in the Chad Basin area. During the Quaternary (Fig. 3.10),
the main climatic changes in the African tropics are related to the intensity and the latitudinal position
of the monsoon front, which is a thermodynamic heat response to orbital forcing (deMenocal et al.,
2000; Mayewski et al., 2004; Wanner et al., 2008; Lezine et al., 2011; Shanahan et al., 2015). From ca.
14.8 to 5.5 ka, a strengthening and a northward expansion of the African monsoon system, due to a
gradual increase of the Northern Hemisphere summer insolation, led to a climatic optimum, known as
the African Humid Period (AHP; deMenocal et al., 2000; deMenocal and Tierney, 2012; Shanahan et
al.,, 2015). This period is characterized by a higher rainfall rate and a general northward displacement
of the vegetation zonation by 400-500 km, in conjunction with the monsoon system shift (Lézine,
1989; Hély et al., 2009). However, the climatic conditions during Holocene were unstable and marked
by hydrological variations (Mayewski et al., 2004). Several studies showed differences between Early
Holocene (9.5-8 ka cal BP) and mid-Holocene (6.5-5 ka cal BP; Maley, 1983, 2010; Gasse, 2000; Lézine
et al, 2011). Lézine et al. (2011) examined more than 1500 palaeohydrological records collected
between 10° and 28°N in the Sahara and the Sahel in Africa and demonstrated that a reduced and
fragmented geographical extent of lakes and wetlands occurred during the Early Holocene (9.5-8 ka
cal BP) compared to mid-Holocene (6.5-5 ka cal BP). The widespread extent of humid sectors in the
mid-Holocene can be attributed to high groundwater levels, which might have been filled during Early
Holocene, when maximum rainfall was recorded. In these conditions, the humid areas might have
been widespread during the mid-Holocene, even if rainfall decreased (Lézine et al. 2011). Therefore, it
is likely that the extent of Vertisol areas associated with a gilgai micro-relief has varied in the Diamare
piedmont during the AHP. These variations may be concomitant with humid sector variations. Vertisol
genesis in the Diamare piedmont might therefore be related to palustrine areas.
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Figure 3.10 — Summary of the main events that occurred in the Chad Basin during the Late Pleistocene-Holocene
period and relationships with mima-like mound formation (“deMenocal et al., 2000; b Hervieu, 1970, Brabant
& Gavaud, 1985; ‘Hervieu1970, Maley, 1981, Maley, 2004; Morin, 2000; dLézine et al., 2011; ®Servant, 1983).
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5.5 ka cal BP; the extent of Vertisol areas in the Diamare piedmont is hypothesized to have varied during this period
in concomitance with different climatic events (e.g. lake-level changes, extent of humid areas) and may have been
larger than in the present-day. This period can be referred to as a Biostasy phase. A climate change, inducing
an increase of erosional processes characterized the end of the AHP. Vertisol erosion in a gilgai micro-relief is
likely at the origin of the present-day mima-like mound landscape. This period can be referred to as a Rhexistasy
phase. The time limits of all these phases are uncertain and illustrated by dashed lines and arrows. N.B. The ages
represented here are calibrated, they are not in the publication (Appendix L).

The contemporaneous deposition of the coarse alluvium and the clay-rich sediment implies changes
in transportation energy. As demonstrated above, climate was not stable during the AHP. Servant
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(1983) already identified rainfall changes c. 8 ka cal BP, due to the slight migration of the monsoon
front position towards the south (Fig. 3.10). The rainfall regime is directly associated with this front.
Dhonneur (1974) demonstrated that cumulonimbus clouds are dominant preceding the monsoon
front and associated with big raindrops (>2 mm); on the other hand, cumulus clouds are dominant
behind the front, and their associated raindrops are smaller (<2 mm). Consequently, before c. 8 ka cal
BB fine sedimentary deposits are favoured, whereas after c. 8 ka cal BP, coarse-grained sediments are
dominant (Maley, 1983; Servant, 1983). Another process can be related to variations in the Lake Chad
water level, which is the base level of rivers draining into the Chad Basin, such as the Mayo Tsanaga (Fig.
3.1B). Leopold and Bull (1978) defined the base level of a river as the elevation below which a stream
cannot flow. The base level changes would have caused disequilibrium in river profiles: if it rises, the
whole profile will tend to be raised by increasing accommodation space and then favouring deposition
processes and fine material production; if it lowers, the profile will tend to be lowered by increasing
erosion and coarse material production (Davis, 1902). Several studies showed that the lake level would
have varied several times during the Holocene (Durand, 1982, 1995; Ghienne et al. 2002; Maley, 2004;
Bouchette et al., 2010). Both runoff change processes due to rainfall and/or base level changes might
have induced transportation energy changes able to explain the coarse alluvium/clay-rich sediment
interfingering.

The AHP ended around 5.5 ka cal BP (Fig. 3.10), mainly because of the weakening and the southward
migration of the monsoon front (Kropelin et al., 2008; deMenocal and Tierney, 2012; Shanahan et al.,
2015). Even if it is known that another humid phase occurred between 3.5-2.5 ka cal BP (Lézine, et al.,
2011), it never reached the same maximum of rainfall. Nevertheless, efficient Vertisol genesis cannot
be excluded during this period as well, and another erosion period might have been initiated again
at the end of this second wet phase. However, it is likely that erosion might have increased with drier
conditions and a decrease in vegetation cover. Consequently, it is probable that the Rhexistasy phase
might be related to the end of the AHP.

Finally, the question remains of the potential aeolian origin of the material composing all the sediments.
It was demonstrated that aeolian sediments are generally mobilized under dry conditions and stabilized
during wet conditions, due to the increase of vegetation cover and soil moisture (Kocurek, 1998; Swezey,
2001; Vandenberghe, 2013). McTainsh (1984) showed that the isohyet of 400 mm/yr is the minimum for
dust stabilization. It is recognized that during the climato-sedimentary event, known as the Bossoumian
II (from 17 to 14 ka cal BP; Hervieu, 1970; Maley, 1981; Brabant and Gavaud, 1985; Morin, 2000), fine
aeolian deposits were favoured (Fig. 3.10). However, Durand (1995) showed that aeolian stabilization
might have already been possible since 26 ka cal BP (beginning of the Kanemian climato-sedimentary
event). He demonstrated that the ergs observed in northern Cameroon and northeastern Nigeria,
which represent the maximal extent of the Sahara, were probably formed before 30 ka cal BP and thus
much older than the Kanemian. Consequently, the Kanemian was not as dry as was previously thought,
and it is not excluded that the 400 mm/y isohyet might have been reached since 26 ka cal BB, leading to
the possible stabilization of aeolian material.

In summary, the following chronological succession is proposed: (i) a pre-AHP period, during which
aeolian material is deposited and probably reworked and mixed with the local material along the slopes,
(ii) an AHP period, during which Vertisol developed, associated to gilgai micro-relief and secondary
mineral precipitation; the extent of Vertisol was larger than nowadays, and during this period, fersiallitic
soils were developing upstream Vertisols; and finally, (iii) a post-AHP period, during which erosion
increased, forming the present-day mima-like mounds and reworking the fersiallitic soil above the
clay-rich sediment. However, dating constraints are needed to support and improve the proposed
chronology. Nevertheless, mima-like mounds and their adjacent sediments offer a great potential for
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the sedimentary record of the Chad Basin.

3.5 Conclusion

Investigations on newly observed earth mounds in the Chad Basin led to new interpretation of their
formation. According to their size and spatial distribution, they can be defined as mima-like mounds
(Cramer and Barger, 2014). Recently it was postulated that mima-like mound shapes result from
the combination of erosion and/or aeolian and vegetation patterns. Mima-like mounds observed in
northern Cameroon are strongly linked to erosion, and there is no evidence that vegetation patterns play
or played any particular role. Field observations and analytical results, such as grain-size distribution,
clay mineralogy, and thin section observations show mima-like mounds to be degraded Vertisols or
Vertisol relics developed in a former gilgai micro-relief. Erosional processes induced the stripping of
surficial horizons of Vertisols and the accentuation of the gilgai micro-relief. They also induced the
formation of a large accumulation of pedogenic nodules at the mound surface, remains of a former
Bk horizon. In addition, a fersiallitic pedolith (e.g. reworked soil) buries them at some places in the
landscape and this highly supports the occurrence of erosion events at some points. Present-day
climatic conditions in the region of northern Cameroon are favourable to Vertisol genesis. But locally,
climatic changes in the region during the Quaternary may have modified the extent of the Vertisol
area. Larger areas of Vertisol can be related to widespread humid fields during the second part of the
AHP during the Mid-Holocene (Biostasy phase). At the end of the AHP, climatic conditions became
drier, inducing a decrease in vegetation cover and an increase in erosional processes (Rhexistasy
phase). Moreover, water level fluctuations of Lake Chad and/or changes in the rainfall regime also
occurred during the AHP, which might have influenced transportation-deposition processes in the
Diamare piedmont. These changes would explain the occurrence of coarse alluvium interfingering the
clay-rich sediment in a mima-like mound, which indicates a concomitant formation. Some questions
are still pending regarding the origin of some fractions in the sediments from this landscape: all of
them include a modal class corresponding to an aeolian component. Therefore, the possibility of a
substantial aeolian contribution occurring before the AHP is proposed but this hypothesis remains
open. Finally, the mima-like mounds from the Chad Basin have a significant potential as a regional
sedimentary record.
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Soil relics as palaeoenvironmental
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SYNOPSIS

In the last chapter, terrestrial carbonate nodules from Far North Cameroon were demonstrated to be
pedogenic in origin and related to Vertisol genesis. The present-day mima-like mound landscape
probably resulted from this inherited pedogenesis combined with later erosion; they can thus be
termed Vertisol relics; soil relics being unburied soils but in disequilibrium with present-day con-
ditions. Processes involved are pedo-sedimentary in nature and were hypothesized to be linked to
climatic variations that occurred during the Late Quaternary. Consequently, these processes can be at-
tributed to a Biostasy phase, i.e. a stable phase characterized by pedogenesis, followed by a Rhexistasy
phase, i.e. an unstable phase, characterized by erosion. Mima-like mounds and associated pedogenic
carbonates, i.e. Vertisol relics, have thus a great potential as palaeoenvironmental indicators in the
Chad Basin. This part is dedicated to the understanding of the processes involved in the formation of
Vertisol relics, in order to reconstruct palaeoenvironments and their evolution through time. The
origin of Ca in pedogenic carbonate nodules was showed to be mainly local, i.e. from plagioclases of
the granite. Ca was thus transferred from Ca-poor granite into a Ca-rich nodule. To explain such an
enrichment, Ca must have been accumulated in distinct pools (or compartments), which could have
been associated with the soil, i.e. the clay minerals and/or the organic matter. The petrography and
the geochemistry of the nodules showed that they were probably formed in a wetland soils affected by
water-table fluctuations, with the presence of an open forest, but in a environmental context evolving
toward drier conditions. Moreover, to form calcium carbonates, conditions have to be alkaline and
the processes behind the soil alkalinization remains still unclear. Oxalate was observed in the nodules.
This mineral is ubiquitous in vascular plants and is a source of C for some bacterias. Its oxidation
occurs as soon as it is transferred into the soil, and this process is known to increase the p H. It is thus
proposed that wet soil-vegetation ecosystem formed during a humid period and accumulated C, Ca,
and oxalate. Then conditions became drier leading to the decrease of vegetation and the liberation of
the elements and oxalate. The oxidation of the latter led to an alkalinization of the soil environment,
and to the precipitation of carbonate nodules. Consequently, the Vertisol relics resulted from complex
processes linked to pedogenesis and biota, and to sedimentary processes, in turn related to hydric
conditions.
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4 From pedo-sedimentary processes to
palaeoenvironments reconstruction

4.1 Introduction

4.1.1 The pedo-sedimentary approach

In the previous chapter, it was demonstrated that the mima-like mounds from Far North Cameroon
resulted from past pedogenesis and later erosion. They can thus be considered as pedo-sedimentary
archives. Such a similar concept exists in soil geomorphology coined as polygenic soils (Johnson et
al,, 2005). Soils evolve through time, and as they are affected by external factors, they can be seen
as palimpsests (Schaetzl and Thompson, 2015). Another point of view, close to the latter, but in a
different context, is the sediment-soil continuum used by pedo-archaeologists (Walkington, 2010).
These approaches clearly share the link between sedimentology and pedology. Both scientific fields
are studying and addressing different questions, but it is necessary to link them to understand the
evolution of a geosystem through time (Fig. 4.1). Two main sets of processes, which are related, are
involved in a pedo-sedimentary system: (i) the physical sedimentation processes (Fig. 4.1, red box),
and (ii) the biogeochemical sedimentation processes (Fig. 4.1, blue box). At the scale of the watershed,
the first type corresponds to the transportation/deposition of material (clay, silt, sand particles) by
various external agents (wind, water, ice), leading to the formation of sediments (or surficial formations;
see below): these processes belong to the field of sedimentology. The second type concerns processes
transforming sediments and occurring at larger scales, through chemical reactions and recombination
of atoms, and leading to secondary mineral formation (i.e. clay minerals, oxides, carbonates). Acting at
Earth’s surface, they are intimately related to biological processes, and thus to the field of pedology.
Processes belonging to both fields are regulated by external factors, such as climate and topography,
in turn related to tectonics at a longer time scales. Consequently, at smaller scales, these terrestrial
processes are closely related to the regional and even global water cycle (Willmott and Rowe 1985).

Water, in a watershed, is regulated by the climate and the topography, which influence its quantity and
state, and its distribution, respectively. The amount and the state of water (vapour, liquid, solid) are
related to atmospheric rules controlling precipitations and temperature. Topography, characterized
by the morphology of the landscape and the distribution of slopes (i.e. geomorphology), influences
patterns and supply of water, expressed as rivers morphology, creation of lakes or swamps, etc. The
scientific field dealing with water dynamics is hydrology. The hydrology of a watershed directly impacts
sediment transportation/deposition processes. These processes are numerous in a landscape and
related to different agents such as (i) gravity in piedmont and slopes, leading to colluvial sediments,
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Figure 4.1 — Environmental relationships and processes involved in a pedo-sedimentary geosystem. Two kinds
of sedimentation processes are ruling a continental geosystem at different scales; the physical sedimentation
processes (red box), including the transport of mineral material (clay, silt, sand, and > 2 mm material) and their
deposition; and the biogeochemical sedimentation processes (blue box), corresponding to the biogeochemical
transformation of this sediment and to soil formation. These processes are related to water amount and distribution
in the watershed, which are controlled by climate and topography.

(ii) wind, leading to aeolian sediments, (iii) running and concentrated water of rivers, leading to
alluvial sediments, or (iv) more stagnant and shallow water of swamps and lakes, leading to palustrine
and lacustrine sediments, respectively. All these sediments are considered as superficial formations,
which are defined as continental formations, soft or secondary hardened, whose origin is due to the
mechanical or chemical rock disintegration and, which can be variously reworked (Dewolf and Bourrié,
2008). A superficial formation represents commonly the soil parent material, whose origin is, either
autochthonous, para-autochthonous (i.e. autochthonous material mixed with allochtonous material),
or allochtonous (Campy and Macaire, 2003). Autochthonous materials can be as heterogeneous and
varied as the landscape geomorphological and lithological settings. Allochtonous material can be
brought and deposited in the watershed, its transportation/deposition depending on climate, i.e.

50



4.1. Introduction

wind trade, soil moisture favourable for dust stabilization (e.g. Kocruek, 1998), and topography (i.e.
mountains acting as dust traps due to surface roughness and/or wind speed decrease; Pye and Tsoar,
1987).

Once the soil parent material is stabilized, water transforms it through biogeochemical processes, i.e.
the biogeochemical sedimentation processes (Fig. 4.1, blue box). The chemical weathering of the soil
parent material leads to the liberation of ions into the soil solution (Kolka et al., 1996). These elements
can (i) recombine to form secondary minerals, such as clays and/or oxides, (ii) be used by living forms
(bacteria, vegetation, fungi) as nutrient compounds, i.e. they enter the biogenic cycle of elements
(Giesler et al., 2000), or (iii) be leached out of the geosystem. The living forms are sources of organic
matter, structured by many different molecules containing macro-elements, other than C, H, O, and
N, such as calcium (Ca), magnesium (Mg), iron (Fe), etc. This organic matter can bond with clays to
form the clay-humus complex (Duchaufour, 1990). Elements can thus remain in various forms in the
ecosystem, i.e. clay-humus complex, the living organic matter, etc., which are characterized by large
variety in residence time, according to factors influencing the stability-evolution of a given ecosystem.
The elements can be transferred from a form to another and lead to secondary minerals precipitation,
such as oxides or carbonate minerals, depending to hydrological and biogeochemical settings, mainly
the soil water balance and the soil solution chemistry. The soil water balance concept was proposed by
Thornthwaite (1948) (i.e. P/PET) who defined it as a ratio between water inputs in the soil (P) and loss
due to the potential evapotranspiration (PET). The degree of aridity can be expressed with the Aridity
Index (AD) expressed as MAP/MAE, where MAP=Mean Annual Precipitation and MAE=Mean Annual
potential Evapotranspiration (UNEP, 1997).

Consequently, the sediments and the soils are connected and form a continuum in the landscape.
Depending on the scale, they are controlled by the water characteristics (e.g. amount, phase), and
the distribution, and thus related to climate and topography. A soil can be seen as the transformation
of sediment through time under the influence of biological processes. The sediment evolution is
interrelated to biotic and abiotic chemical changes and thus to larger scale processes. The concept
of evolution integrates intrinsically the notion of time. A geosystem evolves, i.e. changes, through
time and these changes may be gradual or abrupt. Erhart (1967) proposed to call these two modes of
change as “Evolving Biostasy” and “Rhexistasy”. Changes occur in both modes, but the second one
is characterized by an environmental crisis. The shift toward a crisis occurs at a moment known as a
tipping-point. It refers to a situation during which the forces creating stability are overcome by the
forces bringing instability, leading the system to shift or tip over into disequilibrium (Cairns, 2004). The
challenge lies thus in recognizing if changes in the geosystem were gradual or abrupt, and in identifying
the causes of such changes.

4.1.2 Vertisol relics as pedo-sedimentary geosystems

Terrestrial carbonate nodules from Far North Cameroon are pedogenic in origin and related to Vertisol
genesis (Diaz et al., 2016a). Today, soils are Vertisol relics, i.e. unburied soils in disequilibrium with
present environmental conditions (Retallack, 2001), emphasizing the inherited nature of vertic charac-
teristics. The mima-like mound landscape are the result of past pedogenesis and subsequent erosion.
Consequently, these features can be seen as pedo-sedimentary geosystems resulting from succession
of sedimentary and pedogenic processes. A four-step (S) chronological succession (Fig. 4.2) has been
proposed (Diaz et al., 2016a). The soil parent material, i.e. the sediment in which soils developed,
deposited in the Diamare piedmont (S1). According to grain size distribution (Diaz et al., 2016a) the
reworked regolith has also been mixed with aeolian dust input (20 ym < desertic lcess < 80 pm; Crouvi
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Figure 4.2 — Chronological hypothesis of mima-like mound formation. Succession of pedo-sedimentary processes
in four steps, leading to the present-day mima-like mound landscape: S1=deposition of soil parent material,
S2=pedogenesis, S3=pedogenic carbonate nodule formation in Vertisols, S4=Erosion.

etal., 2010). Strontium and neodynium isotopic results (see below) support this statement showing
signatures similar to Saharan dusts (Dietrich et al., 2017). It was thus proposed that S1 occurred during
a dry period, possibly before the African Humid Period (AHP), lasting from 14.8 to 5.5 ka (deMenocal
etal., 2000). Then, wetter conditions triggered weathering and the development of denser vegetation
cover, leading to soil development (S2). During this period, the organic matter production is high and
was integrated in the soil. This phase was proposed to occur during the AHP. Later in the AHP, Vertisols
would have become better developed, and during their pedogenic processes, new features such as
pedogenic carbonate nodules and gilgai micro-relief occurred (S3). Finally, due to environmental
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condition changes, the vegetation would have decreased leading to the onset of erosion, shaping the
present-day landscape (S4). This phase would have been occurred during the Late Holocene when
climatic conditions are becoming drier. Vertisol relics are thus clearly resulting from a succession of
sedimentary and pedogenic processes through time, which can be related to the Bio-Rhexistasy theory
from Erhart (1967), explaining the landscape as successsion of stable and unstable phases linked to
climate.

The pedogenic carbonate nodules associated with mima-like mounds represent huge amounts of
Ca and C accumulated as terrestrial carbonate in the Diamare piedmont, 65+20 kgm?> and 20+6
kgm?3, respectively (Appendix B). As the geological settings are granitic, with Ca content of only
1.65+0.02 wt-% (n=1), the questions upon the Ca dynamic (e.g. sources, biogeochemical cycle) need
to be addressed, in order to give new clues on the mechanisms responsible for such accumulations.
Geochemical conclusions from the PhD work of Fabienne Dietrich are thus used to better understand
the pedo-sedimentary geosystem. Her results are exposed in the following section.

4.1.3 Dynamic of calcium: unexpected sources and a trapping organo-mineral
pool

Strontium (Sr) isotopes (87 Sr/86Sr ratio) were used to trace Ca (Dietrich et al., 2017). Four soil profiles
were selected, three of them are in the granitic area and one is in the green rock area (i.e. greenschist
metabasalt facies, see Chapter 2, Part I). Sr isotopes were measured on (i) plagioclases extracted
from each soil profile, (ii) the soil carbonate phase, (iii) the soil non-carbonate phase, (iv) the nodule
carbonate phase, and (v) the nodule non-carbonate phase. Results showed that the Ca composing the
soil carbonate and the nodule carbonate phases originates from the same sources. The Ca source of
secondary carbonates comes mainly from plagioclases supplied during bedrock weathering (granite or
green rock) and local reworking. The 87 Sr /8 Sr ratio of plagioclases and the nodule carbonate phase
are distinct and proper to each profile, revealing a very local Ca source, i.e. at the scale of the soil
profile. However, 87 Sr /86 Sr ratios of the nodule carbonate phase are more radiogenic than plagioclases
(+0.0032+0.0004 ppm), indicating the contribution of another Ca source (Dietrich et al., 2017).

The origin of the soil parent material, characterized by a clay-rich component and high amounts
of smectitic clay minerals (Diaz et al., 2016a), is still unclear, but many indices point to an aeolian
component. The parent material grain size distribution displays a typical mode corresponding to
desertic leess (Diaz et al., 2016a). Moreover, it was proposed that this material could have been
deposited before the AHP. Interestingly, in many other areas in the region the second part of the
Kanemian (21 ka to 14 ka cal BP) is suggested to have been a period favourable for dust stabilization
(Hervieu, 1967; Bennett, 1980; Maley, 1981). This period had favourable environmental conditions,
i.e. soil moisture, vegetation cover, wind trade, etc., for dust input and stabilization in the studied
areas (Kocurek, 1998; Swezey, 2001; Vandenberghe, 2013). These optimal conditions were proposed
to be related to mean annual rainfall of 400 mm/yr (Mc Tainsh, 1984). Neodymium (Nd) isotopes
were performed on the soil parent material and compared with Sr isotopes in order to identify their
origin (Dietrich et al., 2017). Results showed that the parent material is a mix between the local bedrock
and Saharan dust. The proportion of dust in the parent material depends on the position in the
landscape, i.e. topographic factor; however, in the main study site, results show a mixing of 50%
of an aeolian component and 50% of local saprolite (Dietrich et al., 2017). The Sr signature of this
mixed sediment is also more radiogenic than the nodules, suggesting that the second Ca source for
secondary carbonates is potentially the dust component. However, it would provide a small proportion
of Ca for carbonate nodules. It was not possible to calculate these proportion, nevertheless, the local
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contribution proportion is clearly greater than the allochtonous contribution proportion (Dietrich et
al., 2017).

The study of geochemical dynamics of elements in the landscape identified different pools enriched in
specific elements, which reflect the way these elements are influenced by the processes ruling the pedo-
sedimentary geosystem (Dietrich et al., in prep). Silica (Si), sodium (Na) and potassium (K) are mainly
found in granite and saprolite, i.e. first stage of bedrock weathering; sapros meaning decomposed in
Greek. Aluminium (Al), magnesium (M g) and iron (Fe) are the main elemental components of the <
2mm soil fraction of Vertisol relics. Finally, Ca and manganese (Mn) are the elements characterizing
pedogenic processes associated with Vertisol genesis.

At a starting point, the bedrock is affected by weathering and the saprolite can form. It is then mixed with
an aeolian component leading to a para-autochthonous superficial formation (Campy and Macaire,
2003): the soil parent material. This mixed sediment is further weathered following various intensities
according to the position in the landscape. Bocquier (1973) showed that fersiallitisation, i.e. 1: 1 clay
mineral neogenesis (kaolinite), preferentially occurs upstream, in higher areas, where weathering is
greater, whereas bisiallitisation processes, i.e. 2 : 1 clay mineral neogenesis (e.g. smectite), dominate
in downstream, rather in lower areas with low weathering conditions and element accumulation (e.g.
alkaline cations and silica). The elements in the soil (Al, Mg, Fe) are mainly related to clay minerals
and oxides (Dietrich et al., in prep). Al is one of the two main components of clays, and during
bisiallitisation processes, beidellite and/or montmorillonite can form, explaining also the presence of
Mg and Fe. Feis present in oxides as well, identified as goethite by XRD. Finally, Ca and Mn are related
to particular secondary mineral precipitation; calcium carbonate nodules and Fe — Mn micro-nodules,
respectively. Dietrich et al., in prep demonstrated that the Ca has been relocated from the granite
to secondary carbonate nodules. Consequently, the environment evolved from Ca-poor (granite:
1.65+0.02 wt-%, n=1) to a Ca-rich (carbonate nodules: 45+0.8 wt-%, n=5) environment. It is thus
necessary to explain how Ca is concentrated in the geosystem. Dietrich et al., in prep suggested that the
smectitic pool can efficiently fix Ca (Coulombe et al., 1996; Velde and Meunier, 2008). However, its role
would have been mainly related to a transient pool constantly exchanging with the soil solution. They
proposed a second possible pool: the organic pool. Vegetation and soil organic matter should have
been a system able to trap huge amounts of Ca. As the conditions were wet, vegetation should have
been well developed and Ca would likely have been biocycled in plants. Some studies emphasized that,
in tropical forest ecosystems, nutrients are easily recycled and work in quite-closed cycles, resulting in
an ecosystem delivering low nutrient outputs (e.g. Bruijnzeel, 1991).

Sr isotopic results emphasized the local source of Ca and its relocation from the bedrock to pedogenic
carbonate nodules. Consequently, the geosystem started to develop in a granitic environment with
alow Ca content (1.65+0.02 wt-%, n=1) and ended as a geosystem with large accumulations of Ca
(45+0.8 wt-%, n=5). Regarding Ca dynamics, the study of the geochemical elements (major, traces,
REE) showed that it has been necessary to trap Ca in order to accumulate it before its relocation inside
pedogenic carbonate nodules. The compartment able to trap Ca might have been mainly the organic
pool (biomass and necromass), whereas the smectitic clay minerals would have acted as a transient
pool. This process should have occurred during wet climatic conditions, which were efficient for plant
development. However, due to topographic characteristics (low slopes), they were not powerful enough
for large leaching outputs. These settings led thus to an in situ Ca pool building.

54



4.2. Materials and Methods

4.1.4 The alkalinity issue

The Ca dynamic in the pedo-sedimentary geosystem is well constrained, however, other questions
are emerging concerning the palaeoenvironments. Which were the types of environmental conditions
able to lead to such peculiar Ca dynamics? Ca was accumulated in the geosystem, showing that losses
were low, but how did such a preservation occurred and why? It seems clear that climate, influencing
soil water balance, has an important role but what exactly? The most important question concerns
the alkalinity. The main mineral composing pedogenic carbonate nodules is calcite. This mineral is
stable under alkaline conditions, and usually when pH = 8.4 (in standard conditions at Earth surface:
20°C, pCO, = 3.3 atm, Cailleau et al., 2005). However, it has been inferred that pedogenic carbonate
nodules were formed during a wet period. This means high weathering and high organic matter
production. Consequently, the conditions in the soil should have been rather acidic (including the
high respiration rate, i.e. CO; production). How can edaphic conditions be alkaline and favourable for
CaCOs precipitation in such a context?

In the present-day, alkaline soils are generally observed in semi-arid and arid regions, i.e. with low
P/PET (Global Soil Data Task Group, 2002). They mainly group saline soils (i.e. Solonchak) and sodic
soils (i.e. Solonetz). In Solonchak and Solonetz, p H values are high (> 8.5) and this is generally related
to the presence of sodium salts or sodium cations saturating the cation exchange capacity (CEC),
respectively (Schaetzl and Thompson, 2015). However, if alkalinity related to the presence of sodium
cations seems probable in the present-day mima-like mounds, this was much less likely in the past,
when climatic conditions were wetter (i.e higher P/PET). Consequently, dryness is not a satisfying
explanation for past alkaline p H conditions. However, high amounts of smectitic clay minerals, i.e.
2:1 clay minerals, characterize Vertisol relics. This group of clay mineral mostly forms in waterlogged
areas with low weathering (bisiallitisation, Bocquier (1973)). Such hydromorphic conditions preserve
elements in the reactor, such as silica, iron and alkaline cations (Ca®*, Mg?*, etc.), stabilizing smectitic
clay minerals. This is generally accompanied with alkaline pH values (Eswaran and Wong, 1978).
Vertisols, which need smectitic clay minerals to develop, are thus frequently observed in lowlands
and waterlogged areas, i.e. Vertisol genesis linked to the topography. Consequently, despite the fact
that Vertisols developed during a wet period favouring weathering, did waterlogged conditions lead to
alkaline p H? Were these waterlogged areas alkaline enough to reach stability conditions for calcite?

The aim of this present study is thus to explain the alkalinity of the geosystem at the time of pedogenic
carbonate nodules formation. What kind of palaesoenvironment and what associated processes could
explain alkaline soil p H? To track information upon the palaeoenvironment, a multi-scalar approach
is used with tools belonging to petrography and geochemistry. The study of carbonate micro-facies
can give information on the context of precipitation and thus on the environmental conditions. Geo-
chemical tools, mainly stable C and O isotopes (6'3C and §'80), can help to recognize the processes
of formation. More precisely, C isotopes give information on the sources of C (organic, vegetation
type), and O isotopes can inform on hydrological processes, i.e. fractionation linked to water inputs
and/or outputs. Once the environment for pedogenic carbonate nodule genesis is well constrained, a
reconstruction of the pedo-sedimentary geosystem evolution through time will be proposed.

4.2 Materials and Methods

The main study site is located in the Diamare piedmont in Far North Region of Cameroon (Fig. 4.3).
Pedogenic carbonate nodules were collected at different depths in a mima-like mound area from the
soil profiles described in Diaz et al., 2016a (i.e. M1, M2 and M3; Table 4.1). Moreover, mima-like
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Figure 4.3 — Geographical location of sites along the Sudano-Sahelian belt, where carbonate nodules were
observed and collected. In red is the main study site, with the most complete data set and in orange are the
additional sites for comparison. Grey line represents the hydrological limits of Chad Basin.

mounds are generally well distributed in the landscape within stream networks, and surrounded by
alluvial systems having various grain sizes (Diaz et al., 2016a). A surficial transect was performed from
a mima-like mound to its surrounding alluvial system (Fig. 4.4), from which nodule morphologies were
described. Finally, similar carbonate nodules were also collected in sites located in Mali (ML), Burkina
Faso (South=BFS and North=BFN) and Niger (NG). They were also investigated and compared to Far
North Cameroon nodules in order to highlight possible genetic relationships (Table 4.1).

Petrographic tools were used to identify, describe, and interpret cements and facies in order to provide
evidences on the conditions of formation of pedogenic carbonate nodules and their palaeoenvironment.
Moreover, the aim was also to identify the different type of nodules: are they all the same or, if they
are different, why so? Consequently, pedogenic carbonate nodules were observed and characterized
at different scales: i) in the field, ii) in thin sections, and iii) with a scanning electron microscope
(SEM) coupled with an elemental analyser (based on energy dispersive X-ray spectroscopy, i.e. EDS).
Furthermore, diagenesis certainly affected carbonate nodules. The question is: how severe was the
diagenesis? Cathodoluminescence (CL) was used to highlight recrystallization and redistribution
processes. Finally, C and O stable isotope analyses were performed on (i) the carbonate fraction
of nodules and soils (< 2 mm, i.e. diffuse carbonate), and the organic matter trapped within the
nodules and in the surrounding soil (only stable C isotopes in these cases). The aim was to be able
to track the sources of C and, as the organic pool seems to be an important point to explain the Ca
trapping, to provide some new clues regarding the palaeovegetation. Stable O isotopes were used
to investigate hydrologic conditions at the time of nodule precipitation (Cerling and Quade, 1993).
Finally, radiocarbon dating on the carbonate fractions ¢; norg) was performed on bulk nodules from
Far North Cameroon and from Mali, Burkina Faso and Niger (Table 4.1) to give new clues on timing
relationships.
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Table 4.1 — Carbonate nodule samples from three study sites in Cameroon; M1=10°37’60.00"N, 14°11’16.70"E;
M2=10°37’57.30"N, 14°11’20.40"E; M3=10°34'49.37"N, 14°4’45.14"E; in Burkina Faso=14°0"48.16"N, 0°8’4.35"0;
in Mali=14°37’52.20"N, 10°48’32.66"0O and in Niger=13°33’1.51"N, 2°40’1.89"E. Thin sec. for thin sections, Inorg.
isotopes for C-O on carbonate, Org. isotope for C on organic matter

Profile Code Depth(cm) Size (cm®) Thinsec. SEM Inorg. isotopes Org. isotope Remarks

Cameroon M1 F B2.1 0-20 1.521 - X X Grey - oxide - Mn dendrite
Cameroon M1 F B2.2 0-20 39 - - X - Grey - oxide - Mn dendrite
Cameroon M1 F - 20-40 - X - - - Septarian cracks, grey
Cameroon M1 H B4.2 40-80 2.66 - X X - Reddish

Cameroon M1 G B6 120-130 4.5 - - X - Grey and reddish
Cameroon M1 G - 0-20 - X Septarian cracks, grey
Cameroon M1 G 20-40 X -

Cameroon M1 G 40-60 X Reddish

Cameroon M1 G - 60-120 - X - - Septarian cracks, reddish
Cameroon M1 - C1 0 943 - X X Aggregated

Cameroon M1 G Cc2 0 164 X X Bulk analysis

Cameroon M1 H C3 5-10 70 X X Bulk analysis

Cameroon M1 E C4 30-40 139 X X Bulk analysis

Cameroon M1 H C5 40-50 151 X X Bulk analysis

Cameroon M1 H C6 50-60 154 X X Bulk analysis

Cameroon M1 H Cc7 80-90 158 X X Bulk analysis

Cameroon M1 H Cc8 90-100 145 X X Bulk analysis

Cameroon M1 G Cc9 100-110 51 X X Bulk analysis

Cameroon M1 G C10 120-130 34 X X Bulk analysis

Cameroon M2 [¢] C.2 5-10 1.95 X - Septarian cracks, grey and reddish
Cameroon M2 o) C3 20-40 2.34 X Grey, white - Mn dendrite
Cameroon Transect Transect D3 0 28 X Coarse silicate minerals
Cameroon M3 S El1.2 115 5.76 X Grey, reddish - Mn dendrite
Cameroon M3 18] E5.3 10 4.86 X Grey - Mn dendrite
Burkina Faso - - BFS 0 15 X X X X Grey - oxide

Burkina Faso - - BFN 0 9.75 X Grey

Burkina Faso - - BFN 0 7.225 X X Grey - oxide

Burkina Faso - - BFN 0 3.6 - - X Grey

Mali - - ML 0 49.5 X X X Grey

Niger - - NG 0 12.6 X X X - Reddish

Niger - - NG 0 27 X X Reddish - Mn dendrite

Thin sections were made at the Institute of Earth Sciences (ISTE, University of Lausanne). They were
observed with standard microscopes at the Institute of Earth Surface Dynamics (IDYST, University
of Lausanne) to study the facies, as well as with a cathodoluminescence device to identify specific
diagenetic features, if present (ISTE, University of Lausanne). Moreover, mima-like mounds soil thin
sections were observed to study the associations between the carbonate fractions and the surrounding
soil. For SEM observations (ISTE, University of Lausanne), the nodules were broken and the internal
parts were mounted on small stubs. They were coated with a gold thickness of c. 23 ym. EDS
measurements were used in order to characterize qualitatively the chemical composition of observed
cements and minerals. Samples were compared with standard compounds from Sigma Aldricht to
define more precisely the potential type of mineral. Standards were also prepared on stubs and coated
with the same gold thickness. EDS measurements were performed directly on samples and standards
under the same conditions, i.e. with a current of 68 A, a voltage of 15 kV, a probe current (PC) of 8 and
at a working distance (WD) of 23 mm.

For stable isotope measurements, the samples were crushed with an agate mortar to get fine powders.
Sub-aliquots were collected in different areas of the nodules (Fig. 4.5) to assess the isotopic variability
within a sample, i.e. parts with different colours, in veins or not, inside the external borders, etc. These
sub-aliquots were then compared with bulk analyses, which were also dated with radiocarbon (see
below). Finally, some of the powders were treated with HCI (32%) in order to remove the carbonate
fraction and isolate the organic carbon fraction. HCl was removed after washing the powders three
times with deionized water. Stable C and O isotopic compositions of the carbonate fractions were
performed by a Gasbench II coupled to a ThermoFinniganplusXL isotope ratio mass spectrometer
(IRMS) at the Stable Isotope Laboratory (IDYST, University of Lausanne) using the method of acid
digestion at 70°C (Spotl and Vennemann, 2003). An internal laboratory standard (Carrara Marble)
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Figure 4.4 — Pedogenic carbonate nodules in the field in the Diamare piedmont (Far North Cameroon). A) Transect
from a mima-like mound to the alluvial sediment, the nodules evolved from small, grey, rounded nodules, to
bigger, reddish, elongated nodules. B) 10 cm diameter nodules showing an aggregation of smaller nodules.

calibrated to VPDB was used to normalise the final §-values. The standard deviation of the internal
standard is <0.05%o and <0.18%o for 5'3C and 6120, respectively (n=13). The C isotopic composition
of the organic C was performed on HCl treated powders with an elemental analysis-isotope ratio mass
spectrometry (EA-IRMS) with a Carlo Erba 1108 connected to a Thermo Fisher Delta VIRMS (IDYST,
University of Lausanne). The standard error was 0.1%o. The isotopic compositions are reported in the
§-notation as the per mil (%o) deviation relative to the Vienna Pee Dee Belemnite limestone (VPDB) as
followed:
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where, § X is the isotopic composition of the sample (%o) for element X (C or O), and R is the molar ratio
of the heavy (X") to the light (X*)) isotope of the sample and the international standard, respectively.

The inorganic radiocarbon measurements were performed with an accelerator mass spectrometer
(AMS) at the Ion Beam Physics Laboratory (ETHZ, Zurich). Sample treatment procedure and inorganic
radiocarbon dating, are referred in Hajdas (2008). The fractionation of carbon isotopes (C/!3C and
13¢/12(¢) is also measured in order to take into account the natural fractionation of the sample and
the fractionation due to sample treatment (Table 1). The mass fractionation is used to correct the '4C
activity of the sample (F14C). The uncalibrated radiocarbon age (T) is given by (Stuvier and Polach,
1977):

C' Age=-8033In(FC) 4.3)

Finally, the radiocarbon ages need to be calibrated due to the atmospheric '#C content variability
through time. The IntCall3 calibration data (Reimer et al., 2013) and the program OxCal (version 4.2,
Ramsey, 2009) was used to obtain calibrated ages at 95% confidence.

4.3 Petrography and geochemistry of pedogenic carbonate nodules

4.3.1 A multi-scalar diversity

Pedogenic carbonate nodules are diverse and complex at each scale of observation. Nodules can be
directly associated with mima-like mounds or be found at the surface of alluvial sediment. Along this
transect, the nodules vary in size, colour and roundness (Fig. 4.4). Figure 4.4A shows that the nodules
evolve from small (@ = 1cm), grey (5Y8/2 to 5Y7/1), rounded nodules, to bigger (@ = 3 cm), reddish
(2.5Y8/3 to 7.5YR7/4), elongated nodules. These reddish and elongated nodules have also trapped
coarser silicate primary minerals (Appendix C). Furthermore, in some areas, the nodules can reach
bigger diameters (0 = 10 cm) and they seem to be small grey nodules aggregated together (Fig. 4.4B).

Pedogenic carbonate nodules are very porous and they often show septarian cracks and/or micropores.
The trapped secondary oxides, mainly composed by iron and manganese, i.e. Fe—Mn oxides (Appendix
C), having black or reddish colours (Fig. 4.5). The reddish oxides are concentrated in circular features
around black circular features or can be diffused in some patches or in the whole nodule, giving to the
calcitic cement a reddish colour (Fig. 4.5A, 4.5C). The black oxides are concentrated as micro-nodules
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Figure 4.5 — Macro-observation of nodule sections.A) Nodule B2 showing greyish cement with reddish patches,
dendritic black areas and oxides nodules are trapped within it. B) Zoom on the external par of nodule B2 showing
the clear border (dashed line) between the external lighter cement around the darker cement. C) Nodule B4 with
reddish cement, greyish patches and septarian cracks in the left-centre. D) Zoom in on the septarian crack area.
The four- and five-branched stars correspond to the areas where sub-samples were taken for isotopic analyses and
are used in Figure 4.11.

or show dendritic features. The borders (1-2 mm) of the carbonate nodules (e.g. B2 and B4) have a
lighter colour and can show a net limit with the internal part (Fig. 4.5B, dashed lines). Oxides from this
border is black and surrounded by a reddish aureole, which is more diffuse and discontinuous at more
most external part (Fig. 4.5A, 4.5B).

Some carbonate fractions are also present in soils forming mima-like mounds (see Chapter 3, part
II); carbonate can thus be diffused in the soil fine fraction (< 2 mm). This diffused fraction is mainly
distributed in void channels (Fig. 4.6A, 4.6B1, 4.6B2 red arrows), with microsparitic crystals (> 5 ym),
or impregnates the plasma, giving it a bright yellow birefringence colour (Bullock et al., 1985). The
carbonate fraction can also be observed in hard nodules, in which calcite crystals are either very small
(Fig. 4.6C, 4.6D), i.e. as micrite (< 5 um), or clearly visible, as sparite (Fig. 4.6E, 4.6F). Some hard nodules
seem to impregnate the soil fraction and are aureoled by thin white needles (Fig. 4.6C, 4.6D, red arrows).
Other nodules show however angular and sharp borders, well separated from the surrounding soil (Fig.
4.6E, 4.6E red arrow). In addition, rounded Fe — Mn oxides are present in the surrounding soil matrix.
These oxides nodules have diameters ranging from 1 to 5 mm. They can be dark with sharp borders,
corresponding to disorthic or anorthic nodules, or lighter coloured, with fuzzy borders, corresponding
to orthic nodules (Wieder and Yaalon, 1974; Fig. 4.6E, 4.6E green arrows).

Thin sections of hard nodules (Fig. 4.7) generally show three different calcitic features: 1) a micritic
phase (Mc), 2) a sparitic fibrous cement (Fc), and 3) a sparitic cement (Sp). Mc and Fc are dominant
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4.3. Petrography and geochemistry of pedogenic carbonate nodules

Figure 4.6 — Vertisol relic thin sections. A) Depth: 10 cm, PL. Sparitic minerals (red arrows) distributed in a
horizontal void going through an iron-rich groundmass (dashed lines). B1) A in CPL. B2) Zoom on the sparitic
minerals. C) Depth: 10 cm, PL. Micritic nodules occurring near the voids (red arrows). D) C in CPL. Small white
needles are occurring around the micritic nodules (red arrow). E) Depth: 15 cm, PL. Different generations of
Fe— Mn oxides in the soil matrix (orange arrow) and fragment of carbonate nodule (red arrow). F) E in CPL.
Abbreviations: PL for polarized-light, CPL for crossed-polarized light, ox for oxides, mi for mica, qtz for quartz, fsp
for feldspar.

in the nodules and appear as patches. The Mc phase is dark and brownish. Primary minerals (mainly
quartz and feldspars) are trapped within this Mc matrix and are aureoled by palisadic sparitic calcite
(Fig. 4.7E, 4.7F). SEM pictures of nodule B2 illustrate typical aureoled quartz; the mineral is rounded
having numerous percussion marks, and is surrounded by calcitic crystals (5-10 um). The aureoled
quartz is embedded in a matrix composed of micritic crystals (Fig. 4.8A, 4.8B). Fc cements display
fan-like features, or cone-in-cone structures (Shaub, 1937), but the primary minerals trapped in them
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are not aureoled (Fig. 4.7G, 4.7H). The colour of this cement is lighter and yellowish. Crystals are
sparitic and have elongated morphologies. SEM observations show that the crystals are microsparitic
(5-10 um), rectangular and stacked up (Fig. 4.8C). Finally, very small crystals (2-5 pm), without any
specific orientation, are composing the Mc phase (Fig. 4.8D). The Sp cements are located around
voids and/or appear as veins and generally represent a small proportion of the whole nodule (Fig.
4.7). The crystals are sparitic (~20 ym), clear and white in the natural light. Their observation with
the SEM shows nice rhombohedric crystals coating voids (Fig. 4.8B, 4.8G). Some of them can have
nice step-like growth features (Fig. 4.8E), or being etched, and showing dissolution patterns (Fig. 4.8F,
arrow). Cements react differently to the exposition of an electron beam in a cathodoluminescence
devise (Fig. 4.9). Sp cements remain dark blue and are sometimes surrounded by a luminescent
orange layer (Fig. 4.9B, 4.9D, 4.9F). Fc cements with flake-like patterns have borders slightly more
luminescent and orange (Fig. 4.9F). Mc phase is bluish (Fig. 4.9D) but some parts are showing highly
luminescent mushroom-like patterns (Fig. 4.9B). These patterns are particularly well expressed in the
external border part of some nodules (Fig. 8H). Finally, a few unidentifiable traces of organic matters
are entombed in the carbonate nodules, but they are neither shells nor rests of living forms, such as
plants. Fe — Mn oxides trapped in the matrix can be affected by septarian cracks and be secondary
filled with Sp calcite. The oxides can also diffuse inside the cements (Fig. 4.7C, 4.7D) or form dendritic
features (Fig. 4.7E, 4.7F). SEM observations show that these Fe — Mn oxides trap primary minerals in
an amorphous, i.e. crypto-crystalline or microcrystalline matrix (Fig. 4.8H, 4.8I, 4.8]).

Small and thin needles (5-10 um) were observed with the SEM in the microporosity of some carbonate
nodules (Fig. 4.10A). According to EDS analyses, the chemistry of these crystals is composed by C, O,
and Ca, such as calcite (Fig. 4.10B). However, their habitus is very different from the one of calcite, or
even aragonite, both minerals using the same elemental composition (C, O, Ca) and expected to be
found in such an environment. Nevertheless, other minerals have the same elemental composition and
display the observed habitus (Frey-Wyssling, 1981): calcium oxalates (as monohydrated, dehydrated, or
polyhydrated CaC,0,). By comparing C/Ca and O/Ca ratios of pure calcite and pure calcium oxalate
standards (Sigma Aldricht), it is possible to differentiate clearly both mineral species (Fig. 4.10B). The
ratios related to the proportions of C and O compared to Ca in calcite (CaCOs3) and calcium oxalate
(CaCy0y), are different. Results show that the small needles trapped in the pedogenic carbonate
nodules are closer to the calcium oxalate standards, whereas the matrix is clearly similar to calcite (Fig.
4.10B). The large uncertainties are due to the fact that the measurements are not performed on flat
surfaces, but in 3D, giving some imprecise results. In addition, needles are very small. Nevertheless,
it is still possible to differentiate the needles from the matrix. Mineral habitus and chemistry suggest
thus quite confidently that the needles observed in the microporosity of the carbonate nodules are
calcium oxalate (CaOx).

4.3.2 Interpretations

4.3.3 Stable isotopic composition and ages of pedogenic carbonate

Pedogenic carbonate nodules are associated with Vertisol genesis (Diaz et al., 2016). Their formation
with rounded Fe — Mn oxides in Vertisol is very common (e.g. Wieder and Yaalon, 1974; Ahmad,
1983; Mermut et al., 1996) and was often described in recent Vertisol (e.g. Kovda et al., 2003) and
Paleovertisols as well (e.g. Driese and Mora, 1993; Kovda et al., 2006; Violette et al., 2010). The different
morphologies and colours of carbonate nodules in the field suggest that primary nodules (small, grey
and rounded) can be reworked and affected by later dissolution-precipitation processes leading to
secondary nodule morphologies (bigger, reddish and elliptic). Nevertheless, the secondary nodules trap
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Figure 4.7 — A-B) Depth: 20-40 cm in profile E PL and CPL. Yellowish fibrous calcite surrounded by darker micritic
phase. The voids in the micritic phase are coated by sparitic and white crysltals. C-D) Depth: 0-20 cm in profile G,
PL and CPL. Rounded Fe-Mn oxide trapped within micritic cement and cut by a void later filled by sparite. The
oxide can also be diffused and have dendritic pattern in the micrite. E-F) Depth: 0 cm, PL and CPL. Micritic phase
with nice aureoled minerals, sparitic cement are growing in the septarian crack. G-H) Depth: 0 cm, PL and CPL.
Fibrous calcite showing fan-like structures or cone-in-cone. Abbreviations; Fc for fibrous calcite, Mc for mictritic
phase, Ox for oxids.
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Figure 4.8 — Secondary Electron Microprobe images (SEM) on samples B2 and on Fe — Mn oxides. A) Aureoled
quartz within a Mc phase, clay component are visible. B) Aureoled quartz within a Mc phase, in the bottom Sp
crystals infilling a former void. C) Fc calcite showing micro-sparite minerals stack up and unaureoled quartz. D)
Mc crystals without any particular orientation. E) Step-like Sp cement. F) Etched Sp with traces of dissolution. G)
Sp crystals. H-I) Fe — Mn oxide matrix around primary minerals. J) Mico-crystalline Fe — Mn oxide matrix.

also a coarser silicate mineral fraction. Is there thus really a difference between primary and secondary
nodules related to reworking, or is it a consequence of two different environments of formation, i.e.
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4.3. Petrography and geochemistry of pedogenic carbonate nodules

Mushroom-like

Figure 4.9 — Carbonate nodule thin section and cathodoluminescence (CL). A-B) PL and CL images of Fc crossed
by Sp vein. The Fc cement can have mushroom-like pattern parallel to the Sp vein having dark blue colour. C-D) PL
and CL images of Mc and Sp areas. The Mc is dark and blue to slightly reddish colours, the Sp is dark blue, except
one area showing an orange luminescent internal border. E-F) PL and CL images of Fc crossed by Sp cement filling
a septarian void. To the right part of the images, aureoled quartz in a Mc phase can be observed. The Fc cement
shows blue-reddish colours with flacke-like pattern whose borders are more luminescent. The Sp cement is dark
blue and the Mc phase is blue-reddish but without flacke-like patterns. G-H) PL and CL images of the external part
of a nodule showing developed mushroom-like patterns.
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Figure 4.10 — Secondary Electron Microprobe (SEM) images and Energy Dispersive X-ray Spectroscopy (EDS)
analyses. A) Micrometric needles developing in the micro-porosity, which is coated by sparite (Sp). Micrite (Mc)
surround the coated pores. B) EDS results on the needles (n=19), the matrix, i.e. Sp and Mc phases, (n=13), and
on the monohydrated oxalate and calcite standards (n=15). The needles are clearly closer to the oxalate and the
matrix is closer to the calcite. On the right, is represented the habitus that can take Whewellite, a monohydrated
oxalate (Frey-Wyssling, 1981).

alluvial or not alluvial? Small nodules can also be aggregated together to form larger nodules with
diameters reaching 10 cm. Kovda et al. (2003) observed such nodules and showed that they were related
to dissolution-precipitation processes mainly occurring in microlow parts of Vertisol Gilgai microrelief
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4.3. Petrography and geochemistry of pedogenic carbonate nodules

(see Chapter 3, for definitions). Figure 4.4B suggests that this could occur at the soil surface, although
there is little evidence of this occurring. Nevertheless, this aggregation can result from reworking,
partial dissolution and precipitation processes.

Carbonate nodules are very porous and often show septarian cracks (Fig. 4.5). The occurrence of these
cracks is highly debated but is generally proposed to be the result of dehydration, diagenetic processes
and/or tensile failures (e.g. Raiswell and Fisher, 2000). In Vertisols, numerous physical stresses result
from swelling clays and hydric changes (Mermut et al., 1996). These stresses may also affect the nodules
inducing desiccation and creating septarian cracks. The redistribution of calcite as sparite in these voids
(Fig. 4.5C) clearly shows later dissolution-precipitation processes (e.g. Zhou and Chafetz, 2009; Violette
et al.,, 2010). Moreover, the dendritic pattern of oxides can also be related to Fe and Mn redistribution
within the nodule due to percolation of internal fluids (Swartzlow, 1934). These processes are also
visible at the borders of the nodules (Fig. 4.5B). Consequently, the micro-stratigraphy suggests that
this Fe — Mn oxide was 1) trapped within the nodule, i.e. during carbonate precipitation I; 2) partially
dissolved with the carbonate cement, i.e. during dissolution I; and 3) some of the residue of this oxide
was trapped again in a new calcitic cement, i.e during carbonate precipitation II. Obviously, Fe — Mn
oxides were formed before the carbonate nodule. However, in the soil matrix, many generations of
Fe — Mn oxides, reworked (i.e disorthic or anorthic nodules) or formed in situ (i.e orthic nodules), are
present, suggesting that many different periods were favourable for their genesis (Wieder and Yaalon,
1974).

The different cements composing the nodules, as well as the micritic phase, suggest an environment
sharing characteristics from swamps (i.e. palustrine and/or paludal), and soils (i.e. pedogenic). Micrite
embedding aureoled quartz, but also septarian cracks and dendritic oxides are typical features of
palustrine and floodplain limestones (Freytet and Verrecchia, 2002; Alonso-Zarza, 2003; Wanas and
Soliman 2014). However, some typical biogenic features are missing suggesting rather a genesis related
to water-table fluctuations (Wright and Peeters, 1989). The fibrous calcite, as cone-in-cone structures
(Shaub, 1937), also suggests wet conditions, even if aureoled quartz minerals are absent. Indeed, this ce-
ment was found associated with algal systems (Freytet and Verrecchia, 1989) and thus to wet conditions.
Moreover, a study also showed that cone-in-cone structures could be associated with root-bacteria
systems in hydromorphic soils (Aassoumi et al., 1992). Despite the doubts concerning the crystallo-
genesis, both micritic (Mc) and fibrous calcitic (Fc) crystals should have grown in thermodynamic
disequilibrium, otherwise they should have formed euhedral rhombohedra. Thermodynamically, Fc
and Mc crystals are supposed to result from a rapid growth in a supersaturated solution (West et al.,
1988; Wright and Peeters, 1989). It was also proposed that micritic crystals were positively associated
with the clay mineral abundance (Wieder and Yaalon, 1974). Though, it is possible to conclude that
the environment in which carbonate nodules formed would have been Vertisols being seasonally
waterlogged and affected by water-table fluctuations. These hydric changes affected the nodule growth
and its early and later diagenetic processes. Cathodoluminescence properties of the cements reflect
these changes in both Eh and p H during precipitation due to hydric changes (Wright and Peeters,
1989). Mn, as the main activator ion in its Mn2* form inducing calcite luminescence (Machel, 1985),
underwent reduction, common in suboxic and hydromorphic environments such as Vertisols.

Finally, even if unobserved within the carbonate nodules, biological features were however detected
at the carbonate-soil interface. The diffuse carbonate within the horizontal channel (Fig. 4.6A, 4.6B1,
4.6B2) is very similar to calcified root cells (Jaillard et al., 1991). First of all, the horizontal void itself
can be interpreted as a root pass breaking into the iron-rich soil area (Fig. 5A, dashed lines). Second,
the equigranular size (60-80 um) and shape of the calcite crystals seem to correspond to original
parenchymatic cells or xylem vessels (Alonso-Zarza et al., 1998; Jaillard et al., 1991; Kosir, 2004).
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However, the crystals are very dispersed suggesting an inherited feature. The diffuse carbonate can
also occur as fine needles around the nodular micritic phase (Fig. 4.6C, 4.6D). These occurrences are
similar to unstable aragonite needles quickly recrystallized as calcite needles observed in calcareous
soils (Ducloux and Butel, 1983), or to mineralized fungal filaments observed in calcrete (Verrecchia et
al,, 1993). These filaments were shown by the authors to be calcium oxalate, which can be secondary
recrystallized in calcite. Similar mineralized filaments were observed in the external part of some
carbonate nodules (Appendix C).
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Figure 4.11 — A) Plot of § 3¢ 0r g versus & 180, 10r g of Cameroon samples, on the diffuse phase (circles) and the
nodule phase (diamonds). Sub-samples were taken in the nodules, to compare the grey cements (grey diamonds),
the reddish cements (light orange diamonds) and the external parts (grey border diamonds). Bulk analyses are
represented by the white diamonds. Finally, as a sub-sampling example, are also represented the results of samples
B2 and B4 (see Fig. 4.5), by the five-branched and four-branched stars. B) Plot of613C,~,wrg versus 6180in0rg of
samples of Cameroon (grey diamonds = data in A) compared with bulk analyses on samples from Burkina Faso (S,
white squares and N, black squares), Niger (stars) and Mali (circles). C) §13C;,,; g versus radiocarbon ages of bulk
analyses on samples from Cameroon (grey diamonds), and few samples from Burkina Faso (S, white squares and
N, black squares), Niger (stars) and Mali (circles). The linear regression (bold line) R? is for Cameroon samples
only. The grey area represents the end of the African Humid Period varying depending the regions. D) Same than C
but with 518 Oinorg versus radiocarbon ages.

Stable isotopes (Fig. 4.11, Appendix D) show variability between the different cements, the internal and
external parts of the carbonate nodules, and the different phases in the soil (hard nodules and diffuses
soil carbonate). Comparing the internal part of nodule B2 with its external part (Fig. 4.5A, 4.5B), which
shows dissolution-precipitation processes, the & 13 Cinorg values are -9.5%o and -6.2%o, respectively,
and the 6180,-n0rg are -8.0%o and -5.3%o, respectively (Fig. 4.11A, five-branch star). For nodule B4 (Fig.
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4C, 4D), comparing the grey and the reddish areas, the 6'3Cipr¢ values and the 6'80;,,4 values are
not different with values of -9.7%o and -8.4%o, respectively (Fig. 4.11A, four-branch star). However,
the external part of nodule B4 shows different isotopic composition in both the 13C,-,w,g and the
5'80;n0r g» with values of -10.2%o and -7.3%e., respectively (Fig. 4.11A, four-branch star). The diffused
carbonate has different isotopic compositions at different depths, §'3C; norg = -6%o and § 180 0r ¢=
-5.7%o at 0-5 cm; "2 Ciporg = -7%o and 6'20j,org = -5.7%o at 20 cm; 63 Cipnorg = -8%o and 6'80; 04
= -8%o at 60 cm. Looking at all analyses, it is interesting to see that internal cements have 6 1BCinor g
ranging between -10 and -6%o, and 180, 0r ¢ ranging between -9%o and -7%o. The bulk analyses are
in this range as well (Fig. 4.11A, white diamond). It is different from the diffused soil carbonate and
some external cements with 6§ 13Cm0rg values ranging between -7%o and -4%o and & lsOinorg values
ranging from -7%o and -5%o (Fig. 4.11A). There is a link between §'*C;,1org and 68O, ¢ values with
R? 0f 0.75 (Fig. 4.11B).

Carbonate nodules radiocarbon ages range from 7 to 5 cal kBP (Appendix D). For the Cameroon samples,
there is a relationship between these ages and both the bulk §'*C;,org and §'®0jorg values, with R*
of 0.60 and 0.78, respectively (Fig. 4.11C, 4.11D). Both 613Cim,rg and 6180m0,g values are becoming
heavier with time. Finally, the C isotopic composition of the trapped organic matter (Appendix D)
ranges between -20 to -25%o0 (n=10), and it seems to become lighter with depth. The C isotopic
composition of the surrounding soil organic C ranges between -18 and -20%o (n=3).

4.3.4 Comparison with nodule samples from the Sahel

Figure 4.12 shows pictures from nodules collected along the Sudano-Sahelian belt (Fig. 4.3), in Niger
(NG), Burkina Faso (South=BFS and North=BFN) and Mali (ML). The nodules are porous with a trapped
oxide fraction as dendrite (NG), small nodule (BF) or patches (ML). The colour of the calcitic cement
is reddish (NG) or greyish (BF and ML). Thin section observations reveal their micritic and brownish
nature for NG and ML samples. Obvious aureoled primary minerals are visible inside the matrix. For
sample BE micrite is also present but highly affected by further dissolution-precipitation processes
demonstrated by the numerous veins infilled with sparitic crystals, corresponding to former septarian
cracks. Dendritic oxides are present within the three nodules. SEM observations revealed the presence
of small needles in samples NG and ML, very similar to those observed in the nodules from the Diamare
piedmont (Fig. 4.10). They were not observed in sample BF; however, this sample shows aureoled
quartz within calcitic cement.

6"3Cinorg and 68 O;porg signatures of these samples are given in figure 4.11B and compared with
samples from Cameroon. BF samples are close to those from Cameroon. NG samples are shifted
toward more negative '3C values, whereas ML samples are shifted toward more positive 3C values.
There is also a correlation between 613Cinorg and 618Oin0rg values for samples NG and BFS, with a
R? = 0.74 and 0.69, respectively. This relationship is less strong for BEN samples and not expressed
in ML samples, probably due to the lack of points. Some samples from the Sahel were also dated
using radiocarbon and the ages are in the same order of magnitude than samples from Far North
Cameroon (between 7 ka and 3 ka cal BP, Appendix D). When the ages are compared with §'3C;,,, g
and 6 1801-,10, ¢ values, they seem to follow a similar trend as the samples from Cameroon (Fig. 4.11C,
4.11D). Consequently, many features and characteristics observed within the carbonate nodules from
Far North Cameroon are also observable in three different sites along the Sudano-Sahelian belt.
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Figure 4.12 — Comparison with nodules from the Sahel. Macro-observations, thin sections and SEM images
of nodules from Niger, Burkina Faso and Mali. Thin sections images in cross-polarized light. Green and red
arrows emphasize the aureoled quartz and small needles in the micro-porosity, respectively. D-Mn for dendritic
manganese, Mc for micrite phase, Sp for sparite and Fc for fibrous calcite.

4.4 Discussion

4.4.1 Chemical changes and secondary mineral stabilities

Fe— Mn oxide micro-nodules can be trapped within pedogenic carbonate nodules, suggesting that
they were formed first. The occurrence of hard Fe — Mn oxide micro-nodules is the result of seasonal
changes in the redox potential (Eh) and p H (Gasparatos et al., 2005). They are secondary minerals and
thus result from weathering. Their main constituents are soluble in anoxic conditions and insoluble in
oxic conditions (Schwertmann, 1988). Consequently, water-table fluctuations in the soil environment
are needed in order to mobilize Fe and Mn from primary minerals and to then precipitate them as
secondary oxides. As both oxide minerals (goethite, hematite, etc.) and calcitic cements refer to wet
edaphic conditions, could they be contemporaneous? Occurrence of Fe — Mn oxides implies that
redox conditions varied. Moreover, calcite is the main mineral composing the pedogenic carbonate
nodules. Looking at the stability conditions of both minerals, they are both occurring in oxic conditions,
although the pH seems to be the parameter making the difference. If p H conditions are <8, Fe— Mn
oxides are dominant, whereas calcite dominates at p H conditions > 8 (Krumbein and Garrels, 1952;
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Ashley et al., 2013). Calcite can also occur in anoxic conditions if p H is > 8; nevertheless, the study of
rare earth elements in the carbonate fraction of the nodules showed a negative cerium (Ce) anomaly,
confirming that the carbonate nodules precipitated in oxic conditions (Dietrich et al., in prep). In
the present-day, both carbonate nodules and Fe — Mn nodules are widely accumulated in the mima-
like mound landscape. Therefore, as they should not be dominant in the same chemical conditions,
it seems that there was a period of time very favourable for Fe — Mn oxide formation and another
period of time more favourable for carbonate nodule precipitation. It is not excluded that carbonate
nodules began to form at the same time than Fe — Mn oxides; nonetheless, they would not have been
preserved, maybe because there was too much water in the system or because the alkalinity was not
high enough, etc. On the other hand, it is not excluded that Fe — Mn oxides were forming at the same
time as carbonate nodules (Krumbein and Garrels, 1952; Ashley et al., 2013; Appendix E). Looking
at Fe — Mn oxides in the soils, their patterns clearly show many different generations. Disorthic to
anorthic Fe — Mn oxide nodules are clearly reworked, whereas diffuse oxide nodules, i.e. orthic ones,
are formed in situ and are younger than disorthic and anorthic oxides (Stoops, 2003).

These waterlogged conditions also provide suitable conditions for authigenesis of smectitic clays.
Smectitic clays, more precisely montmorillonite, can result from plagioclase weathering in case of
mild hydrolysis (Meilhac and Tardy, 1970). In hydromorphic conditions, biotite and muscovite were
also observed to be completely or slightly altered into smectite, respectively (Aoudjit et al., 1995). All
these minerals compose the granitic bedrock in Far North Cameroon and smectitic clays may likely be
a by-product of in situ weathering. It is more likely that the conditions would have been seasonally
hydromorphic, such as suggested by the occurrence of Fe — Mn oxides and by the petrography of
carbonate nodules. In these settings, silica and alkaline cations are present, leading to montmorillonite
formation in both temperate and tropical regions (Boquier, 1973; Tardy et al., 1973). Moreover, in
the present-day, the chemistry of the water from the Mandara Mountains and the Diamare piedmont
evolved into the stability domain of kaolinite, and the waters in the Yayres are in the stability domain
of kaolinite and Na-montmorillonite (Ketchemen et al., 1993). These results suggest that in present-
day hydromorphic areas, smectitic clays are stable minerals. Therefore, if hydromorphic areas were
extended, the area of stability for smectitic clays would have followed this trend as well.

Consequently, the petrology showed that the environment of Vertisol was a wetland, seasonally wa-
terlogged. These hydric conditions led to mobilize elements and to precipitate them as secondary
minerals (smectite, oxide, carbonate). By looking at the stabilities of these secondary minerals, it is
possible to state that conditions were first rather favourable for the formation of Fe — Mn oxides, and
then of carbonate nodules. A change in the p H conditions may explain the shift of the geosystem
from a chemistry dominated by Fe and Mn to a chemistry dominated by Ca and C. Waterlogged and
alkaline conditions were very favourable for smectitic clay authigenesis and stability, giving to the
background a chemical composition dominated by Al and M g. Though, why did the p H conditions
shift?

4.4.2 The alkalinity engine

A way to increase soil p H is the influence of processes related to microorganism metabolisms (Chafetz
and Buczynski, 1992; Kazmierczak et al., 2015). Small needles were observed with SEM within the
carbonate nodules. EDS measurements and habitus of crystals suggest that these needles are cal-
cium oxalates (CaOx). Two hypotheses can be suggested in order to explain their presence in the
microporosity of the nodules: 1) CaOx needles are diagenetic products formed concomitantly with
sparitic crystals within the septarian cracks. CaOx was first trapped within the nodules; during hydric
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Far North Cameroon Mima-like mounds Madagascar Oxalate-Carbonate Pathway

Figure 4.13 — Comparison of pedogenic carbonate in Mima-like mounds from Far North Cameroon (left) with
pedogenic carbonate in soils where the Oxalate-Carbonate Pathway (right) was detected (Madagascar, courtesy of
Fina Randevoson)

changes, which induced septarian cracks, internal percolated fluids inducing dissolution-precipitation
processes led to the formation of rhombohedral sparite and to the dehydration of polyhydrated CaOx
into monohydrated CaOx needles (Verrecchia et al., 1993); 2) the internal fluid was enriched in oxalic
acid ((COOH),) and reacted with the carbonate phase as follows:

(COOH), +2CaC0; « Ca** + (HCO3), + C,05 + Ca** — CaCO3 + CaCy 04 + HyO (4.4)

From this oxalic-rich solution, the two Ca belonging to the carbonate phase at the beginning was
then used to form a new calcium carbonate crystal (Sp cement) and a CaOx crystal. Indeed, the pK
of calcite and CaOx are very close with values of 2.8 x 10~ and 2.7 * 1079, respectively. Nevertheless,
independently of the type of process, in both cases oxalate (as a crystal or as an acid), had to be present
in the environment at the time of carbonate nodule formation. Oxalic acid (H,C,O4 * nH, O) forms
through biotic and abiotic processes, but mainly comes from the decomposition of larger C-compounds
(Applin et al., 2016). It can also be secreted by a wide variety of fungi (Gadd et al., 2014). Calcium oxalate
mineral (CaOx) is the most common form and is generally found as whewellite (Ca(C»04) * H,0),
which is thermodynamically the most stable form in the environment. It was shown to be strongly
associated with life and occurs in biological interfaces, but it was also observed in hydrothermal settings
or as a diagenetic product (Nakata, 2003; in Baran, 2014). CaOx as a synthesized biomineral was first
reported in plants but was observed in animals, fungi, lichen, algae and even in human kind (as kidney
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stones). CaOx is ubiquitous in higher plant families (Franceschi and Nakata, 2005), calcium being
provided by the environment (Nakata, 2003). Consequently, it is hypothesized that a direct link between
oxalate and presence of life exits.

Despite its ubiquitous occurrence and its stability in the environment at geological time scales (Applin
etal., 2016), CaOx do not accumulate in sedimentary sequences (Verrecchia et al., 2006). Consequently,
their simple occurrence in the pedogenic carbonate nodules is already extraordinary. The reason behind
oxalate absence in sediment sequences is the presence of oxalotrophic bacteria using oxalate as a
carbon source for their metabolism (Martin et al., 2012). It was found that this metabolism was coupled
with the secondary formation of calcium carbonate (Verrecchia et al., 2006). This process is known
as the Oxalate-Carbonate Pathway (OCP). The coupling between these two minerals occurs mainly
because the oxidation of oxalate by oxalotrophic bacteria induces the increase of p H by the production
of hydroxyl anions (OH™) by the oxidation of calcium oxalate (Verrecchia et al., 2006):

1
CaCy04 x nH,O + 502 —Ca’* +2C0Os+ (n-1)H,0+20H" (4.5)

Then, if the adequate pH is reached, calcite can precipitate:

Ca*t +20H +COy — CaCO3 + H,O (4.6)

The final balance is thus (Verrecchia et al., 2006):

1
CaCy04 *nH>0 + EOz—’ CaCO3+CO, + H,O 4.7)

Consequently, the OCP can produce alkalinity in oxic conditions and lead to secondary carbonate
precipitation. Figure 4.13 shows pictures of pedogenic carbonate accumulations in Vertisol relics from
Far North Cameroon, compared with similar carbonate accumulation in soils located in Madagascar
where the OCP was detected. It is likely that the CaOx within the carbonate nodules and the large
amounts of secondary carbonate accumulations are pointing to the involvement of the OCP in the
genesis of pedogenic carbonate nodules. This pathway can explain the shift of p H, making the
geosystem evolve from a Fe — Mn chemical reactor toward a Ca — C one.

4.4.3 Anopen forest 10 ka ago

The involvement of the OCP to explain the shift in p H in the geosystem implies the presence of life in
the environment. The geochemistry of the nodules, especially the §'3C,, gandd BCinor g can provide
some clues concerning the origin of C. The §'®C;,0r¢ values of pedogenic carbonate reflect the §'3C of
the soil CO;. In a non-calcareous soil, the soil CO, is a mix between the CO, resulting from organic
matter oxidation (soil CO, respiration) and the CO, from the atmosphere (Cerling, 1984). The §'3C
of soil CO, reflects this mix, with values generally enriched of 3-7%o. compared to soil organic matter
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Figure 4.14 - Stable C isotopic composition of carbonate (& 13¢C;0r ¢) and organic matter (6 13C o) for samples

collected at different depth in Mima-like mound M1 (Table 4.1). Are represented measured 613 Cg s of OM trapped
in the carbonate nodules (dark blue), measured §'3C; ., g of carbonate nodules. Calculated respired CO; (blue

stars) is calculated from the §'3Cqy, adding the diffusion fractionation of 4.4%o (Cerling, 1984) and the calculated
soil COy, i.e. respired CO» mixed with atmospheric CO,, (purple stars) is calculated from 6'3C;,,, g values adding
fractionation constants in the soil carbonate system at 25°C (Clark and Fritz, 1997). The CO, atmospheric values
for the pre-industrial period (Broecker and Peng, 1982), and the C3 and C4 plant values (Cerling and Quade, 1993)
are also given.

(Cerling, 1984). This range shows that the § 13C of soil CO; is variable. Indeed, it is function of the
soil respiration rate, i.e. the proportion of CO, coming from soil organic matter oxidation, and the
soil depth, i.e. the proportion of atmospheric CO, entering the soil (Cerling and Quade, 1993). At
the soil-atmosphere interface, and during low production rates, the 5'3C of soil CO is shifted toward
atmospheric CO, §'3C values (-6.5%o in the pre-industrial times, Broecker and Peng, 1982). The results
show that the §'3C; ,,, ¢ values of the internal parts, i.e. the least affected by diagenesis, of pedogenic
carbonate nodules range from -10%o to -6%o. Assuming a temperature of 25°C, the fractionation
between CO, and DIC is +8.0%o0 and from DIC and CaCO3 +2.4%o (Clark and Fritz, 1997). It is thus
possible to reconstruct the §'3C of soil CO, at the time of precipitation, and calculations show that §'3C
of soil CO, values should range between -20.4 and -16.4%o. The sources of this CO, are thus biogenic
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and atmospheric. The trapped organic matter has a §'3C,, ¢ signature ranging from -25.7%o to -20.1%o.
The resulting 5'3C of soil CO, coming from the oxidation of this organic matter is 4.4%o enriched due
to the diffusion effect (Cerling, 1984) and thus ranges from -21.3%o to -15.7%o. Consequently, the CO,
trapped in the pedogenic carbonate nodules should mainly come from the oxidation of organic matter
(Fig. 14). This result implies that the nodules are formed in deep horizons and/or during a period
characterized by high respiration rates. This also implies that pools must provide enough Ca?*, as high
CO; concentrations should favour CaCOj3 dissolution rather than precipitation (Drever, 1973).

The 6'3C composition of soil organic matter should reflect a mix between organic matter pools of
different origin (fresh, humified, inherited) and sources (C3 and C4 plants). Due to different photo-
synthesis pathways, the §'3C of C3 plants range from -40%o to -23%o, with average value of -27.1%o;
the 6'3C of C4 plants range from -19%o to -9%o, with average value of -12%o (Balesdent et al., 1987;
Cerling and Quade, 1993). The §'3C of soil organic matter in an ecosystem dominated by C3 plants
(e.g. temperate forest) ranges from -29%o to -24%., and in an ecosystem dominated by C4 plants, from
-14%o to -12%o (Balesdent et al., 1987). Assuming that the mean values of both ranges, i.e. -26.5%o
(C3) and -13%o (C4), it is possible to reconstruct the vegetation proportions from measured 5'3C of
the soil organic matter. The function of this relationship is shown in Table 4.2, and corresponds to the
equation y=-13.5x-13, or x=(-13-y)/13.5. The measured §'3C average value of organic matter trapped
in the carbonate nodules is -22.30%o (n=10). According to the previous relationship, this represents
an organic matter mixing 70% of C3 and 30% of C4 plants. By applying the same relationship to the
surrounding soil organic matter (6'3C = -18.68%o, n=2), it represents a mix of 40% of C3 and 60% of C4
plants. These results suggest that the trapped organic matter has an isotopic composition coming from
an open forest dominated by C3 plants. Therefore, such ecosystem is very favourable to the presence of
oxalogenous species and to the presence of the OCP.

Table 4.2 — Relationship between soil organic matter (SOM) sources and § B¢ of SOM

C3SOM% C4SOM% 6'3C SOM

100 0 -26.5
90 10 -25.15
80 20 -23.8
70 30 -22.45
60 40 -21.1
50 50 -19.75
40 60 -18.4
30 70 -17.05
20 80 -15.7
10 90 -14.35
0 100 -13

Figure 4.11C shows that the § BCior ¢ of pedogenic carbonate varied linearly with time towards heavier
values. This trend could reflect vegetation changes, and more precisely, a decrease of C3 plants in
favour of C4 plants through time. The problem to directly relate 6 B¢, norg of pedogenic carbonate to
organic matter was discussed above, and results are clearly suggesting that the source of CO» is mainly
the oxidation of organic matter, whose 5'3C signatures should reflect the proportion of C3 and C4.
Consequently, this trend may likely reflect an increase of C4 with time. This conclusion suggests a shift
toward drier conditions, as C4 plants are more adapted to dryness. Therefore, a relationship between
variability in dryness, vegetation change, and the formation of pedogenic carbonate nodules can be
drawn.
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4.4.4 Hydrological changes

Interestingly, 6800, g values are significantly shifting toward heavier compositions through time (Fig.
4.11D). The 6 IBOmO,g of carbonate can be interpreted as a proxy of the soil water balance (Cerling
and Quade, 1993; Hsieh et al., 1998). It is a function of the oxygen isotopic composition of water in-
puts, mainly the rainfall (5'80,,;,) and the water-table (5'®0,,,), and outputs, i.e. evapotranspiration
(6'8O0pgr). The temperature at which the carbonate precipitates has also an impact on the §'®00rg
of carbonate. Consequently, changes in 6 180, ,0r ¢ values can be explained by changes in either, 1) the
rainfall regime, 2) the evapotranspiration, and/or 3) the temperature. Geochemical studies of precip-
itation in the tropics showed that the §'80,,;,, is mainly controlled by the amount of precipitation,
i.e. the amount effect; consequently, high values must correspond to less rainfall (Dansgaard, 1964).
However, some studies emphasized the importance of the atmospheric circulation patterns on the
seasonal cycles of isotopic compositions (Feng et al., 2009). The seasonal rainfall distribution in the
Diamare piedmont is associated with the monsoon system and shifts of the ITCZ (LHote, 1998). Risi et
al. (2008) showed that the §180,4;,, values in Niger were recording the monsoon onset and large-scale
convective variability in the Sahel. Indeed, the values appeared to drop significantly at the monsoon
season onset. A recent study modelled the 6 180, 4in changes during the Holocene at 9 ka, 6 ka and 3
ka BP (LeGrande and Schmidt, 2009). By comparing with present-day data, this study showed that
the 6180, 4;,, values were lighter in the past in West Africa. However, even if the model resulted in a
decrease of rainfall through the Holocene due to shifts and weakening of the ITCZ, this study showed
that 680, 4;,, values were not following this trend and stayed very negative. This would be mainly due
to the strong relationship between 6 180, 4in and vapour flux on land (LeGrande and Schmidt, 2009).
Nevertheless, terrestrial §'80 of waters are complex to interpret because of the evapotranspiration
effect. Fantong et al. (2010) studied different pools of water (spring, groundwater, rain, etc.) in the
Mayo Tsanaga watershed (Diamare piedmont, Far North Cameroon) and they showed that the spring
waters have heavier 6'80 compared to §'80,4;,,. Consequently, it is very challenging to find the reason
for such an increase in carbonate §'80; norg values with time, but this is beyond the scope of this study.
Most important is the fact that carbonate nodules seem to record changes in the hydrological regime.
The reasons behind these changes are various and can have a climatic origin, a hydrological origin
(watershed scale) and/or a pedo-climatic origin (soil scale).

To sum up, chemical conditions, principally pH and water balance conditions, changed through time
and this is accompanied by a vegetation change. It seems that the OCP was present in the ecosystem,
explaining the increase of alkalinity. However, what is the link between all these environmental
parameters.

4.4.5 Involved processes and evolution of the palaeoecosystem through time

Synthesizing all the conclusions, it is possible to propose a scenario of the pedo-sedimentary geosystem
evolution through time (Fig. 4.15). The soil parent material has an aeolian component, which was
mixed with the saprolite, i.e the local granitic sand (Dietrich et al., 2017). The occurrence of aeolian
deposition suggests that the mean annual rainfall should have been = 400 mm/yr (Mc Tainsh, 1984),
and a period known with those climatic conditions is the Kanemian (Durand, 1995), lasting from 26 to
14 ka cal BP (Servant, 1973). Interestingly, Barshad (1966) showed that under mean annual rainfall of
~400 mm/yr, the proportion of smectite in the soil resulting from an acid igneous rock, i.e. a granite,
is ~40% (Appendix F). Consequently, were the smectitic clay minerals already forming during the
Kanemian?
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From this parent material, soil can develop. It was demonstrated that the soil environment was in
waterlogged conditions, seasonally affected by water-table fluctuations. In those conditions, the Eh is
low (anoxia), leading to the mobilization of Fe and Mn. The precipitates of these elements are rounded
Fe— Mn oxide nodules formed in oxic conditions, i.e. when the water-table dropped. Waterlogged
conditions are also very favourable to bisiallitisation processes (Bocquier, 1973) and smectitic clays
(e.g. montmorillonite, beidellite) might thus likely have been formed from the weathering products of
feldspars and micas (Meilhac and Tardy, 1970; Aoudjit et al., 1995). The vegetation was also showed to
be an open forest dominated by C3 plants. In this large organic pool, it is highly possible that calcium
was accumulating by biocycling and thus stored in the ecosystem (Bruijnzeel, 1991). This ecosystem
is thus a mineral world dominated by Al — Mg (smectite) and Fe — Mn (oxide), and an organic world
dominated by C and Ca. The climatic conditions should thus have been wet during this period, and it
is tempting to propose that this wet period was the AHP.

A change in p H would have led the ecosystem shift to a mineral world dominated by C and Ca. What
is the trigger for this p H shift? The OCP was proposed to be involved in soil alkalinization. Was the
open forest ecosystem already producing CaOx? Plants capable to biomineralize CaOx are ubiquitous;
consequently, this is a plausible hypothesis. However, why are the carbonate nodules, which need
alkaline pH, only mainly producing in a second time, i.e. after Fe — Mn oxides, and not as soon as the
forest is present? Is it because the conditions were not favourable for secondary carbonate preservation
(too much water)? Or was the alkalinity not high enough? Stable C and O isotopic compositions
suggested that the vegetation began to change in favour to C4 plants, and that hydrological conditions
began to shift toward drier conditions with time. Is it possible that the decrease of C3 plants, i.e.
mainly trees due to dryness, would have increased the inputs of CaOx in the soil and thus amplify the
OCP? The engine of alkalinity was thus accelerated and pH drastically shifted toward calcite stability.
Consequently, C and Ca, first accumulated in the forest ecosystem, were then transferred from the
vegetation and the clay pools to the pedogenic carbonate nodules. During the period of carbonate
nodule formation, the water-table continued to fluctuate as showed by petrographic facies and the
nodules were forming following alternating precipitation-dissolution processes. Another parameter,
also related to dryness, can be the lowering of the water-table and/or the decrease in frequency of
water-table fluctuations, which could have favoured the preservation of pedogenic carbonate nodules.
It is also highly possible that these condition changes were linked to the end of the AHP. At some point,
the geosystem stopped or fossilized, due to the occurrence of one or several erosion events. The trigger
for these events may likely be deforestation, but is such a process related to climate and/or human?
Nevertheless, the geosystem entered into a Rhexistasy phase, leading to the present-day mima-like
mound landscape and to degraded Planosols (hardés).

It can be noted that the large accumulation of smectite in the Diamare piedmont could be due to the
fact that they were continuously in stable conditions, but for different hydrological reasons. At the
time of soil parent material deposition, possibly during the Kanemian, smectite neogenesis is favoured
by climatic reasons, i.e. mean annual rainfall of 400 mm/yr (Barshad, 1966, Appendix F). A the time
of soil genesis, smectite neogenesis is favoured by hydrological conditions, i.e. waterlogged (Aoudjit
et al., 1995). In the present-day, kaolinite is the most stable clay mineral in the Diamare piedmont
(Ketchemen et al., 1993) due to mean annual rainfall of 800 mm/yr (Barshad, 1966).

4.4.6 An occurrence at the West African scale?

In some regions along the Sudano-Sahelian belt, such as Mali, Burkina Faso, and Niger, carbonate
nodules were observed and sampled. They have been dated and are in the same age range than the
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Figure 4.15 — Evolution of the geosystem. Step 1) The soil parent material deposited in low P/PET conditions
(light blue), in an environment poorly forested (sahelian?; green), with the likely absence of the oxalate-carbonate
pathway (dark red) and thus soil pH close to the alkalinity (reddish-purple) in the lowland areas. The elements
in the granite (red) are mixed with an aeolian component and weathered to form kaolinite in higher areas, with
greater weathering, and smectite in the lowlands, with lower weathering (Bocquier, 1973). Step 2) P/PET conditions
are increasing, the forest is thus growing, likely producing oxalate, water-tables are higher and waterlogged areas
(seasonal swamps) can develop in lowlands, which are favourable for smectite neogenesis. Kaolinite and fersiallitic
soils are rather developing in the higher areas. The elements from the granite are transferred in secondary minerals,
i.e. smectite, Fe-Mn oxides and few calcite, and in the organic pool. Step 3) When P/PET are shifting to lower
values, the forest is retreating and the water-table fluctuates less frequently. Oxidation of the organic matter
enhanced the OCP and induced an increase of p H, calcite precipitation becomes dominant when p H are 8.4. The
other minerals like smectite and Fe — Mn oxides can still produce. Step 4) As P/PET are more lowering, the system
reached a critical point leading to its erosion and fossilization (Fig. 4.2).

nodules from Far North Cameroon (Appendix D). This present study exposed in details the petrography
and geochemistry of the nodules from Far North Cameroon. They display striking similarities in their
petrographic and geochemical aspects with the nodules from Mali, Burkina Faso and Niger. These
observations are not by chance, and suggest a possible genetic relationship at the scale of the Sudano-
Sahelian belt. Obviously, there is some variability in several parameters, e.g. in the C and O isotopic
compositions, but these slight differences can certainly be related to regional factors. More field
observations and data are needed to constrain these geosystems and to clearly discriminate regional
from global responses. Therefore, are carbonate nodules, observed in Mali, Burkina Faso, Niger, and
probably even in other places if confirmed, relics of past forest and wetland ecosystems? This study
suggests that a comparison of geosystems at the West African scale could provide major information
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on their response to climate change and on the relationships between a large panel of different scales
(from the mineral to the continent) including their timescale.

4.5 Conclusion

Vertisol relics from Far North Cameroon are pedo-sedimentary geosystems. They resulted from 4
steps of formation, 1) the soil parent material deposition, 2) the pedogenesis, 3) the carbonate nodule
precipitation and 4) the erosion. It was suggested that this events succession could be linked to
climatic variations during the Late Quaternary. A geochemical study of associated pedogenic carbonate
nodules showed that the Ca is mainly coming from the plagioclase of local saprolite. To explain
the transfer from a Ca-poor rock (saprolite) to a Ca-rich rock (carbonate), the Ca should have been
accumulated in the geosystem first. It was proposed that the soil, more precisely the smectitic clays
and organic matter, would have stock Ca. However, alkaline soil conditions are needed to precipitated
CaCO0s and processes behind this are unclear. The petrography showed that the nodules were mainly
formed in waterlogged soil environments affected by water-table fluctuations. The associated Fe — Mn
oxides were formed before the carbonate nodules and in different chemical conditions, more precisely
less alkaline. Oxalate crystals (CaOx) were discovered in the carbonate nodules suggesting that the
Oxalate-Carbonate Pathway (OCP) could be involved in the alkalinization of the environment. CaOx is
ubiquitous produced by vegetation and stable C isotopes of pedogenic carbonate and trapped organic
matter showed that an open forest dominated by C3 plants should have been present at the time of
pedogenesis. Consequently, CaOx could have been produced at that time. However, the carbonate
nodules are only forming in a second time, i.e. after Fe — Mn oxides. Isotopic composition of carbonate
suggested that the hydrological conditions are changing the nodules are forming. At the same time,
stable C isotopic compositions suggest vegetation change with the increase of C4 plants proportion.
Consequently, it seems that at the time of pedogenic carbonate nodule formation, the environmental
conditions are becoming drier. It was proposed that this change was responsible of the vegetation
decrease and CaOx liberation, activating the OCP and increasing the pH. CaCOs nodules can then
precipitate. From step 1 to step 3, the elements stayed in the geosystem (or were poorly exported).
Al and Mg are transferred in the smectitic clay minerals, stable during the whole period of time, Fe
and Mn are transferred in the oxides, and Ca is accumulated in the organic matter (as CaOx?) before
being translocated in the carbonate nodules. Finally, the system fossilized due to the strengthening of
dry conditions and/or anthropic activities (deforestation?) leading to one or several erosion event(s).
Vertisol relics from Far North Cameroon are thus valuable pedo-sedimentary palaeoenvironment
archives.

79






Chronology and stratigraphy of
Vertisol relics

81






SYNOPSIS

It has been demonstrated that the mima-like mounds from Far North Cameroon were Vertisol relics.
The associated terrestrial carbonate nodules are pedogenic in origin, and related to Vertisol genesis.
Vertisol relics are pedo-sedimentary features resulting from a four-steps events succession. The
soil parent material is made of an aeolian component mixed with a local regolith and supposed to
have been deposited as a sediment (S1) during a dry period, potentially before the African Humid
Period (AHP). The soils, which were developing from this material (S2), were showed to have been
seasonally waterlogged (favourable for Vertisol genesis). In these hydric conditions, Fe — Mn oxides
and smectitic clays formed. Results obtained from the trapped organic matter showed that an open
forest, dominated by C3 plants, was probably present at that time. When climatic conditions became
drier, the C3 vegetation decreased in favour of C4 plants, and hydrological conditions changed
inside the soil. These new conditions would have been favourable to the precipitation and the
preservation of carbonate nodules. The alkalinisation of the soils was explained by the enhance of
the Oxalate-Carbonate Pathway (OCP). The organic pool built previously would have been Ca-, C-,
and oxalate-rich. Organic matter oxidation led to the liberation of the elements and to increase of
p H through the oxalate consumption. Ca and C would have thus been transferred into an inorganic
carbon pool, such as carbonate nodules. At some point, the system fossilized, after its erosion, leading
to the present-day mima-like mound landscape. It was suggested that pedogenesis was inherited
from the African humid Period and that carbonate nodule formation, and later erosion, were linked
to the end of this wet period.The aim of this part is to address the questions related to the timing of
mima-like mound formation. Are mima-like mounds inherited from climatic variations during Late
Quaternary in West Africa? To achieve this, it is proposed to use Optically Stimulated Luminescence
dating (OSL) to date the soil parent material deposition (S1) and radiocarbon to date the soil organic
matter (S2) and the last event of carbonate nodule precipitation (S3). As the soil samples were not
collected properly to be dated by OSL, it was necessary to develop a method in order to use the
minerals trapped within the carbonate nodules. Trapped minerals have a complex history related to
pedogenesis and sedimentary processes since their deposition. It was thus necessary to first identify
a suitable mineral population. The environmental dose rate has also changed through time following
carbonate precipitation and the radionuclide decay series may be in disequilibrium. Consequently,
the first chapter of this part deals with these methodological issues related to OSL dating and proposes
amethodology to obtain satisfying OSL ages. In the second chapter, Vertisol relics are showed to be
relevant pedo-sedimentary terrestrial archives. By combining the dating methods, it was possible
to constrain the four-steps of formation through time, i.e. during the last 20 kyr: 1) soil parent
material deposition occurred between 18 ka and 12 ka, 2) strong vertisol pedogenesis operated from
11 to 8 ka cal BB, 3) carbonate nodules precipitated between 7 and 5 ka cal BP, and finally 4) erosion
acted after 5 kyr. This succession of processes through time can be associated with the evolution of
the soil water balance in turn linked to the climate evolution during the Late Quaternary. Vertisol
relics are thus valuable palaeoenvironmental archives, recording events linked to climate variations,
and in this case spanning the African Humid Period.
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5 Pedogenic carbonate nodules as sedi-
mentary time archives

5.1 Introduction

Pedogenic carbonates comprise CaCO3 accumulations in soil horizons (Lal and Kimble, 2000; Tanner,
2010), which can have various morphologies such as nodular, laminar, tubular, and also different
strengths (e.g. Durand et al., 2007). They are widespread and their geochemical properties (e.g. stable
carbon and oxygen isotopic composition) can be used as proxies for reconstructing palaeo-climatic
conditions (e.g. Dworkin et al., 2005; Retallack, 2005; Yang et al., 2014), palaeo-elevations (Quade et al.,
1989; Quade et al., 2007) and also for assessing palaeo-vegetation (Cerling, 1984; Ding and Yang, 2000).
The occurrence of pedogenic carbonate is generally observed in soils where there is enough water to
provide ions in solution (e.g. C a?*) and, at the same time, where the moisture regime can be sufficiently
xeric (i.e. dry) to reach calcite supersaturation and lead to secondary carbonate precipitation and
accumulation (Deocampo, 2010; Gocke et al., 2012; Zamanian et al., 2016). Consequently, pedogenic
carbonates are characteristic soil features of arid to sub-humid climatic conditions or where soil
moisture conditions alternate strongly (Cerling, 1984; Gocke et al., 2012). Pedogenic carbonates also
comprise an important part of the global soil carbon budget (around 30-40% of the global soil carbon
inventory is soil inorganic carbon; Eswaran et al., 2000), and, in addition to understanding the processes
of their formation, it is also important to constrain the time scale of carbonate precipitation. Numerical
dating is possible with methods such as U/Th dating (e.g. Durand et al., 2007; Violette et al., 2010) and
radiocarbon dating (e.g. Williams and Polach, 1971; Achyuthan et al., 2010). Furthermore, pedogenic
carbonates may also contain a substantial non-carbonate fraction and we show here that this fraction
can give important temporal constraints for sedimentary processes and soil formation.

In the Far North Region of Cameroon (Fig. 5.1A), pedogenic carbonate nodules formed in clay-rich
soils have been investigated in granitic watersheds belonging to the Chad Basin. These soils are highly
eroded and degraded (Fig. 5.1B), and have been interpreted as Vertisol relics (Diaz et al., 2016a) likely
inherited from the African Humid Period (AHP), which lasted from c. 15 ka to c. 5 ka (deMenocal et
al., 2000). Consequently, the carbonate nodules may be important continental palaeo-environmental
archives for this region (Alonso-Zarza and Tanner, 2010), where major precipitation variations occurred
in relation to the northern migration of the ITCZ (deMenocal et al., 2000; deMenocal and Tierney, 2012;
Shanahan et al., 2015). The aim of this study is to explore the potential of the carbonate nodules as time
archives using the mineral fraction trapped within them. The nodules are pedogenic in origin (Diaz
etal,, 2016a), i.e. were formed in situ in the host soil, meaning that primary minerals trapped within
them represent a residual soil fraction (Fig. 5.1C). Singhvi et al. (1996) previously explored this trapped
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Figure 5.1 — General setting and samples. A) Far North region of Cameroon (red square) study site location
along the Sudano-Sahelian belt and within the Chad Basin (dark grey). Dashed lines are the present-day average
latitudinal position of the ITCZ in August (I) and January (II) (Nicholson, 2009), controlling wet and dry season
occurrences during the year. B) Clay-rich soils forming mima-like mounds and covered by large amounts of
carbonate nodules (up to 11 kgm™2). Insets show nodules found within the soil and representative nodules. C)
Thin section of a pedogenic carbonate nodule in polarized light (left) and cross-polarized light (right). Calcite
precipitated around soil components, i.e. primary minerals (e.g. quartz, feldspars), secondary minerals (clays,
oxides) and organic matter.

mineral fraction in carbonate nodules using thermoluminescence (TL) dating, to assess the age of
carbonate precipitation. Here we aim to use this trapped mineral fraction for dating the deposition
time of the soil parent material, i.e. the sediment from which Vertisols and then carbonate nodules
formed, through the measurement of optically stimulated luminescence (OSL). The trapped minerals
have a complex post-deposition history linked to pedogenesis (i.e. Vertisol genesis) and subsequent
geomorphological processes (i.e. erosion; Diaz et al., 2016a). This needs to be carefully addressed for
accurate interpretation of the luminescence measurements and OSL age calculations.

Luminescence dating is a useful method for establishing absolute Quaternary chronologies in conti-
nental sedimentary sequences. It is widely used to determine the time that has elapsed since buried
sediments were last exposed to sunlight. During burial, trapped electrons accumulate in the minerals
in response to environmental radiation (a-, §-particles and y-rays) emitted by the decay of radiogenic
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elements present in the host sediment and by cosmic rays. These electrons recombine when the
minerals are exposed to light or heat, resulting in the emission of light (luminescence), and can thus be
used to date the deposition time of the sediment (Aitken, 1998). In luminescence dating, an age (ka) is
derived from:

D
Age=—2 (5.1)
D

where, D, is the equivalent dose (Gy) and relates to the natural dose received by the mineral, and D is
the environmental dose rate (Gy ka™ ).

Successful OSL dating of trapped minerals within pedogenic carbonate nodule requires two main
challenges to be addressed. First, the D, value of the sample needs to be carefully determined, as
some nodules were brought at the surface following erosion processes and were thus exposed to
light. Consequently, there is a risk that the OSL signal of the trapped minerals has been partially
reset, which would result in an underestimation of the sediment depositional age. Moreover, the
investigated soils are Vertisol relics. Vertisols are clay-rich, smectitic-rich soils and are affected by
swelling-shrinking processes due to soil moisture changes (Wilding, 2004; Southard et al., 2011). These
processes induce vertical crack structures leading to the input of surficial soil material in deeper
horizons (FAO, 2014). Consequently, these pedoturbation processes can potentially cause a mixing
between younger and older sedimentary grains. Both partial bleaching, due to erosion, and sediment
mixing, due to pedoturbation, are expected to induce some variability in the D, distribution (Bateman
et al., 2003). The second challenge is to accurately characterize the environmental dose rate (D).
Carbonate accumulation must have led to chemical changes in the soil environment. The concentration
of radionuclides surrounding the trapped minerals has thus changed since carbonate precipitation,
affecting the D (Aitken, 1998). Environmental radiation is mainly emitted following the decay of the
uranium (U) and thorium (Th) series and the simple decay of potassium (K) and rubidium (Rb), as
well as an additional cosmic dose component. In luminescence dating, the decay series are generally
assumed to be in secular equilibrium, implying that the dose rate is constant through time (Olley et
al., 1996; Aitken, 1998). However, in the case of carbonate nodules, it is likely that disequilibrium has
occurred due to the precipitation of carbonate (Ferronsky and Polyakov, 2012). Finally, as relic soils
have been subsequently eroded, the contribution from cosmic rays may have also changed through
time, which should also be assessed.

To summarize, two main questions are investigated in this study: (1) is there a suitable population of
trapped minerals within the pedogenic carbonate nodules for luminescence dating, and (2) can the D
changes through time and potential disequilibrium effects be adequately accounted for? Overcoming
both challenges would enable the minerals trapped within the carbonate nodules to be used to date
the deposition time of the soil parent material. This would also set a maximum age for the onset of
pedogenesis, constraining the carbonate nodule genesis that related to the formation and evolution
of the Vertisols. As such, pedogenic carbonate nodules can be used as sedimentary archives in a
multi-proxy approach using not only the carbonate fraction but also the silicate fraction, which is the
objective of this study.
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5.2 Material and methods

5.2.1 Sample preparation

For logistical reasons, soil samples were not collected under light-safe conditions and thus cannot be
directly used for luminescence dating. Consequently, we propose to explore an alternative approach
by using the trapped mineral fraction within the carbonate nodules to assess the time of soil parent
material deposition. In the mima-like mound settings, the carbonate nodules are found both as a cover
at the surface and within the soil matrix (Fig. 5.1B). Thin sections show that a significant fraction of the
carbonate nodules comprises a residual soil component (Fig. 5.1C). X-ray diffraction measurements
also confirm this observation, with averages (n = 5) of 57+8% calcite (CaCOs) and of 43+8% other
minerals (e.g. quartz, feldspars, phyllosilicates, oxides). These non-carbonate minerals have been
shown to represent the surrounding host sediment mineralogy (Diaz et al., 2016a). However, in such
settings, this trapped mineral fraction has experienced a complex history from grain deposition to
sampling for OSL analysis. Several steps can describe the trapped mineral history (Fig. 5.2). First,
the mineral grains are deposited and buried to constitute a sediment sequence (step I). From this
sediment deposit, soils (e.g. Vertisols) have then developed during step II. Vertisol genesis induced
favourable conditions for secondary carbonate accumulation (Wieder and Yaalon, 1974; Ahmad, 1983)
with pedogenic carbonate nodule precipitation that trapped a host soil fraction (step III). Note that
there are unknown time gaps between steps I and II, and between steps II and III. Finally, erosion
affected the Vertisols leading to the present-day mima-like mound Vertisol relics with some nodules
brought to the surface (step IV). As already stated, this complex history has direct implications for the
equivalent dose data and for the dose rate assessment.

To investigate the possibility of using trapped minerals for OSL dating despite the complex setting,
two carbonate nodules were selected. One nodule was collected at the surface (NO1, diameter (@) =
10 cm) and a second nodule was collected at 100 cm depth in a mima-like mound (NO2, @ = 4 cm).
Due to its surficial position, sample NO1 was exposed to light for an unknown duration. To assess
the influence of sunlight exposure on the luminescence signal, the outer most layer of sample NO1
(NO1gy;, 2-3 cm thick) was removed under red light conditions using a diamond saw and isolated from
the central part (NO1y,,). The luminescence properties of grains from both NO1 subsamples and the
buried sample NO2 were then compared. A non-light-safe mineral population should exhibit partial
bleaching, following sample exposure to sunlight after carbonate precipitation, and thus a scatter in the
equivalent dose (D.) distribution should be expected. Consequently, a scatter in the equivalent dose
distributions could be induced by pedoturbation processes (Bateman et al., 2003), affecting NO1g,;,
NO1j,;, and NO2, while we expect sunlight exposure to preferentially affect NO1gy;.

The nodules were treated with HCI (35%) to remove carbonates and with H, O, (20 vols) to remove any
organic material. Samples were then sieved to isolate the 90-180 ym fraction, which was selected for
further analysis because of the abundance of grains in this range. The minerals were then separated by
density using sodium polytungstate to isolate quartz (2.7-2.62 gcm™2), plagioclase (2.62-2.58 gcm™3)
and K-feldspar (<2.58 gcm™3). A low abundance of quartz led us to the use the K-feldspar fraction,
which was not etched (Duller, 1992). Each sample preparation step was performed under subdued red
light conditions.
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5.2.2 Luminescence measurements

Luminescence measurements were performed using a Rise TL/OSL-DA-20 reader (dose rate = 0.1 Gy
s71) at the Institute of Earth Surface Dynamics (University of Lausanne). To assess the D,, a single-
aliquot regenerative post-IR IRSL protocol was used to access a high temperature signal from feldspars,
which is in theory less affected by anomalous fading (Thomsen et al. 2008; Buylaert et al., 2009). A
pre-heat of 250°C for 60 seconds was followed by an IR stimulation at 50°C for 100 seconds (I Rso) and
a post-IR IRSL stimulation at 225°C for 100 seconds (pIRIR,25). This pIRIRys5 protocol was chosen
instead of the pIRIR»qy protocol to limit high potential residual doses from partial resetting and thus
age overestimations (Thiel et al., 2011, Roberts, 2012). The measured responses of the aliquot to a
regenerative dose (L) and to a test dose (T) were integrated over 3 seconds, and the background
signals were integrated over the last 10 seconds of stimulation. Measurements were done using small
aliquots (SA, @ = 1 mm, 100-150 grains measured per aliquot), mounted on stainless steel discs, and
single grain measurements were done using aluminium discs (hole diameter @ = 300 pm, 10-20 grains
per hole). Due to a high number of grains in the single grain disks, we refer to these as pseudo-single
grain (PSG) measurements. However, SA and PSG comparison still allow us to further investigate
the possibility of partial bleaching through reducing the number of analysed grains by one order of
magnitude (Duller, 2008). The measurement protocol was validated using a dose-recovery test (Murray
and Wintle, 2003) and PSG measurements (n = 3 discs, = 120 measurements), whereby samples were
exposed for 4 hours to direct sunlight in Lausanne prior to measurement. Samples were given a dose
approximately equal to the equivalent dose (~ 30 Gy) and dose recovery ratios were calculated following
subtraction of measured residuals (n = 3 discs ,= 120 measurements).

Although the post-IR IRSL protocol reduces the effects of anomalous fading, a fading test was done for
both samples (n = 3 SA discs) following Huntley and Lamothe (2001). Previously measured aliquots were
given a dose approximately equal to the equivalent dose (~ 30 Gy) and measured following increasing
delays (n = 4) between 100 and 800 minutes. The resulting g-values (%/decade) were calculated
following Auclair et al. (2003) and were normalised to 2 days (Huntley and Lamothe, 2001).

Finally, the D, values were determined using Analyst v.4.31.7 (Duller, 2015) according to the following
acceptance criteria: recycling ratios within 5 and 10% of unity for SA and PSG measurements respec-
tively, maximum test dose and palaeodose error <10%, and maximum recuperation <10% of the natural
luminescence signal. The D, values of the samples were calculated using the central age model (CAM;
Galbraith et al., 1999) and are cited at 1o uncertainty. The sample residual doses and the dose recovery
test D, values are reported with standard error (SE) and 1o uncertainties, respectively.

5.2.3 Environmental dose rate assessment

The external dose rate (Dgy;, in Gy ka™!) is defined as:

Dy :Da+Dﬁ+Dy+Dcos (5.2)

where, Do, Dg and Dy, are the energy emitted by a-, f-particles and y-rays, respectively, and Do,
is the cosmic ray dose rate. As K-feldspars are used in this study, it is also necessary to consider the
contribution of the internal dose rate (D;;,;) resulting from the internal K decay. The combination
of the external and internal doses gives the environmental dose rate (D). The soil and nodule U
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(ppm), Th (ppm), K (%) and Rb (ppm) compositions were assessed by X-Ray fluorescence at the
Institute of Earth Sciences (University of Lausanne) and by ICP-MS at Actlabs (Activation Laboratories,
Ancaster). The internal K-content (%) was measured on individual feldspar grains (n = 187) with a JEOL
8200 Superprobe at the Institute of Earth Sciences (University of Lausanne). The calculations of and
were done with the online dose rate calculator DRAC v1.1 (Durcan et al., 2015). The beta grain size
attenuation factors of Guérin et al. (2012) and alpha grain size attenuation factors of Bell (1980) were
used. The cosmic ray dose rate contribution was assessed using the protocol outlined by Prescott and
Hutton (1994) corrected for the geomagnetic latitude (11.789°N; F = 0.39, ] = 0.55 and H = 4.35), and
taking into account the cosmic-ray attenuation with depth (0 and 100 cm for nodules NO1 and NO2,
respectively). We used the water content attenuation factors of 1.5 (a), 1.25 (f) and 1.14 (y) following
Zimmerman (1971) and Aitken and Xie (1990).

External dose rate changes through time

Due to carbonate precipitation, the chemical environment surrounding the minerals varied since the
time of deposition (fy), resulting in external dose rate (Dgxr) changes (Fig. 5.2). During the time period
, environmental radiation is solely derived from the radionuclides within the soil matrix and the cosmic
dose rate (Dgys1). However, following carbonate precipitation (i.e. during the time period T»), the
a- and fB-contributions are derived from radionuclides composing the carbonate nodule, whilst the
v-dose is derived from both the surrounding soil and the carbonate nodule (Aitken 1985). As nodule
diameters are 10 cm (NO1) and 4 cm (NO2), the nodules cannot be seen as an infinite matrix, and
y-rays emitted by the host sediment have to be considered. The y-dose contribution thus needs to be
scaled by the nodule size. To summarize, the carbonate nodule formation results in a different external
dose rate (Dgys2). However, beyond this simple time frame, there are some potential complexities that
still need to be investigated:

e During the time period T7, pedogenesis begins followed by potential carbonate accumulation,
leading to a different soil chemical environment (step II). How does this affect the DEy1 assess-
ment?

* When the minerals become trapped in a nodule (step III), the nodule growth rate is unknown.
The nodule size has most likely increased incrementally through time with different precipitation
events, resulting in an uncertainty on the scaled y-dose. This may also influence the -dose, but
only at the early onset of precipitation when the carbonate size was <3 mm (Aitken, 1985); we
thus assume this effect to be negligible. Concerning the y-dose, can the nodule growth rate affect
the Dgyr assessment?

* Has the cosmic ray contribution changed through time, due to late-stage erosion (step IV), which

would then affect the Dy s?

These different points need to be addressed in the assessment of the environmental dose rate changes,
and will be individually discussed in the next sections.

Decay chain disequilibrium

In typical silt-sand alluvium, the U and Th decay chains can contribute up to approximately 50% of the
external dose rate Dy, (Olley et al., 1996). In most luminescence dating applications, the decay chains
are assumed to be in secular equilibrium with Dg,; constant over Quaternary timescales (Armitage,
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Figure 5.2 — After deposition (#y), K-feldspars are buried in the sediment (step I), from which the soil will form
during period of time T7 (step II). The luminescence signal (D, o) results from the environmental dose rate (D 50),
to which the decay of radionuclides (U, Th, K, Rb) composing the sediment (U, Th, K, Rb) contributes. After
carbonate nodule precipitation (step III), the K-feldspars are trapped, and the luminescence signal (D, 0) results
from the environmental dose rate during time T» (D), to which the decay of radionuclides composing the
nodule and the sediment contribute (y-dose rate is scaled). Finally, erosion brought some nodules (e.g. NO1) to
the surface leading to their exposure to sunlight (step IV). Radionuclides are assumed to be in secular equilibrium
during both T7 and 7> in scenario 1 (green). Some radionuclides are likely to be in disequilibrium since T in
scenario 2 (red).

2015). However, because some radionuclides are mobile, in surficial sediments the >3 U decay chain is
likely to be in disequilibrium (e.g. Osmond et al., 1983; Short et al., 1989, Olley et al., 1996), and this
disequilibrium is very common in environments where carbonates are present or where weathering
processes occur (e.g. Guibert et al., 2009; Zander and Hilgers, 2013). Therefore, in the context of
pedogenic carbonate nodules, the disequilibrium is linked to the incorporation of U within carbonate
during nodule precipitation. In oxic environments, U exists mainly as uranyl species (UO22+) and in
waters it can form uranyl carbonates (U0, (C0O3)22-) (Chabaux et al., 2008). The disequilibrium of
U is mainly caused by the a-recoil of 28U in minerals, inducing the ejection of ** Th at the mineral
boundaries. This radionuclide will decay rapidly to 23*U, and due to high U solubility it will be leached
in pore fluids (DePaolo et al., 2006; Dosseto et al., 2008). Another process is the preferential release
of 34U from crystal lattices that are damaged by a-recoil (e.g. Andersen et al., 2009). Consequently,
natural surficial waters are generally enriched in >3*U compared to 238U.

As secondary carbonate precipitates from a supersaturated soil solution, the U incorporated in the
secondary mineral has similar disequilibrium; because U is a heavy element, further fractionation can
be assumed to be negligible. In most natural river waters the (>*U/?38U) activity ratio is close to unity
when chemical weathering processes are dominant (Chabaux et al., 2003), higher than unity (up to 4)
when physical erosion processes are dominant (e.g. Vigier et al., 2001; Andersen et al., 2009) or when
groundwaters are contributing to surficial waters (Andersen et al., 2009; Chkir et al., 2009), and lower
than unity if there is no renewal of sediment and thus a strong depletion in 2341y (Israelson et al., 1997;
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Riotte and Chabaux, 1999). In this study, low material availability prevented high-resolution gamma
spectrometry to directly determine the degree of U-series disequilibrium. Consequently, following
the literature summarized above, different (>3*U/?38U) activity ratios between 0.5 and 3 have been
investigated. Moreover, in order to illustrate the effect of the most extreme disequilibrium scenario on
the environmental dose rate, we have assumed that all the daughter radioisotopes of 24U are absent
following carbonate precipitation.

Table 5.1 — Thorium and Uranium composition (XRF and ICP-MS) of the granite bedrock, soil and carbonate
(CaCO0s3) nodule. n is the number of measurements.

n K (%) Rb (ppm) Th(ppm) U (ppm) RatioTh/U

Granite 1 5.0£0.07 215.8%1 12.0£2 3.4+1 4/1
Soil 35 2.740.03 126.6+1.2 20.1+0.3 4.3+0.1 5/1
CaCOsnodule 12 0.7+0.03 36.1+0.9 6.1+0.1 5.4%0.2 6/5

As a carbonate nodule precipitates within a soil, U is also derived from minerals within the residual soil
fraction trapped in the nodule. This fraction of U is assumed to be in secular equilibrium, unlike the U
included as UO, (C Og)g‘. In contrast to U, as chemical processes, such as ion leaching and secondary
mineral formation, have no or very little effect on Th, this radionuclide should not accumulate in
secondary minerals as a soluble phase (Ferronsky and Polyakov, 2012). A comparison of the granite,
the soil and the carbonate nodule chemistry (Table 5.1), shows that Th is four to five times more
abundant than U in the granite and soil, whereas the Th and U contents are approximately equal in the
carbonate nodule. Uranium is thus in excess in the carbonate nodules, which is a consequence of U
inclusion as UO,(C Og)g’ during carbonate precipitation; whereas all Th within the carbonate nodule
is a component of the trapped residual soil fraction. Consequently, considering the T'h/U ratios of the
soil (%h) so and nodule (%h) no given in Table 1, it is possible to distinguish the proportion of U derived
from the residual soil fraction (f5,) included in the nodule, as follows:

Th _[Th . ][Th . il .
Fno_ (7)50 fso+(7)w fW (5.3)

where f;, is the U fraction of the residual soil fraction trapped within the nodule, and fiy is the
authigenic U fraction from water as UO, (COg)g_, and,

fso+t fw=1 (5.4)
Th
FW =0 (5.5)
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() no

()50

fso= (5.6)

The sum of the two fractions represents the total U in the nodule (Equ. 5.4) and as all Th within the
nodule is derived from the trapped residual soil fraction, the second term of Equation 5.3 is equal to
zero (Equ. 5.5). The fraction of U included in the nodule as a soil detrital fraction, and thus assumed to
be in secular equilibrium, can thus be calculated according to Equation 5.6.

For the nodule samples and hypothesizing that the carbonate precipitation event is the main factor
affecting disequilibrium, we can assume that only the 3 U-series is in disequilibrium. Concerning
the 235 U-series, it comprises only 0.07% of total natural U. Its contribution to the total U dose rate is
relatively small: ~4% (a-decay), ~2% (B-decay) and ~1% (y-decay) (Guérin et al., 2011). Consequently,
we assumed this decay chain to be in secular equilibrium, while a potential disequilibrium (if present)
would be negligible relative to the total U dose rate. Finally, as all Th is derived from the trapped
residual soil fraction, i.e. not to the carbonate precipitation event, the 232 Tp-geries is also assumed to
be in secular equilibrium.

Proposed burial scenarios

To assess the effect of disequilibrium from carbonate precipitation on the D (Gy ka~') and thus on the
resulting OSL ages, two end-member scenarios have been considered (Fig. 5.2): (1) the surrounding
environment of the minerals has changed through time but radionuclides have remained in secular
equilibrium during both time periods T; and T»; and (2) the surrounding environment of the minerals
has changed through time, and, in addition, carbonate precipitation induced disequilibrium of the
238(J-series during time period T». The relationships between the measured equivalent doses, the dose
rates, and the time periods are as follow:

D¢ =De¢so+ Depo=T1 * Dso + Ty * Dno (5.7)
and,

Dso =Dint+Dext1 (5.8)

Dno :Dint+Dext2 (5.9)

where, D, (Gy) is the equivalent dose, D, s, (Gy) is the dose received during the time period 77, which
thus results from D;,; and D¢ o (Gy) is the equivalent dose received during the time period 7>, which
thus results from D,,,. The internal dose rate (D;,;) does not change through time whereas the external
dose rate is different during time T} (Doxp1) and time Ty (Deyy2) as explained above. During 71, the soil
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environment also varied through time as carbonate progressively accumulated. In the present-day
soil, the proportion of carbonate nodules is 7% maximum. To assess this potential influence on the
dose rate, the external dose rate for D, was also calculated as mixture of a 7% Dy 2 and 93% Dxs1-
Moreover, during time 7>, the cosmic ray contribution varied following late-stage erosion (step IV). As
the intensity and the timing of the erosion event are unknown, a mean D,,s was calculated assuming
erosional removal of 30 cm of soil during approximately 30% of the total time period, i.e T} + T5. Finally,
the nodule growth rate during time 7, remains unconstrained. As the nodule size is expected to
increase incrementally through time, this would result in an uncertainty on the scaled y-dose (D}’)r
which was calculated with varying nodule diameters from 0.5 to 10 cm.

5.2.4 Calculations

External dose rate

To assess the relative contributions of the different decay series to the external dose rate (Dext, Gy ka™b,
the method outlined by Stokes et al. (2003) and later applied by Armitage (2015) was used. It is possible
to calculate the external dose rate for both time periods T} and T5 (i.e. Dey1 and Doy 2, respectively),
either assuming secular equilibrium (scenario 1) or taking into account various degrees of 23 U-series
disequilibrium during T5 (334U /238 ratios from 0.5 to 3, scenario 2). The resulting environmental
dose rates calculated for scenarios 1 and 2 will then be compared to highlight the potential effect of
disequilibrium on calculated environmental dose rates and OSL ages.

In the following section, each step leading to the calculation of the a-, - and y-event contributions to
the D, are detailed. For the simple decay of K and Rb, the 8 and y-dose contributions are calculated
according to the conversion factors reported by Guérin et al. (2011). However, for the 238U-series, the
radioisotope specific activity (k) needs to be calculated for each radiation event in order to account for
potential disequilibrium.

The following calculations must be done for the a-, - and y-decays of each radioisotope. Here we
detail a representative example for the a-decay contribution (k) of a radioisotope x (kxg):

ndaughters
kxa=( ), Exdd*axbxcq (5.10)

parent

where, Ey, is the decay energy (MeV/Bq s~ ') of a radioisotope x and for an a-decay (Appendix G), a is
the number of seconds per ka, b is the number of joules (J) per MeV and ¢, is the grain size attenuation
factor for a-radiation (e.g. Bell, 1980). The k factor is thus expressed in J/Bq ka~!. As U comprises two
decay chains with different abundances in nature (99.29% for 23U and 0.07% for 23°U), the k factors for
each decay event (a, , and y) must be adjusted by their relative abundance. The k factor for a given
decay chain varies with the number of daughter radioisotopes that are considered, i.e. for a decay chain
in secular equilibrium, all daughters will be considered in E,, (i.e. the total energy of all a-particles for
a given parent, listed in Appendix G).

As aresult, the attenuated radiation (Gy ka~!) for an a-decay event of an element X is calculated as
follows:
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Xa = [X]* Ay * kxa (5.11)

where, [X] is the element concentration in ppm (or in % for K), A, is the isotopic activity of the
radioisotope x in Bq/kg ppm (i.e. the number of decays occurring in a given time for a specific number
of atoms), and k,, is the specific activity of radioisotope x for an a-decay event (Equ. 5.10).

Both 228U and 235U radionuclides have to be added and scaled by their respective activities (A) and
factorsk for a given U content [U] (Equ. 5.12). Finally, for a-decay events, it is necessary to take
into account the effectiveness of the a-particles (Aitken, 1985; Aitken, 1998) and thus to multiply the
outcome of Equation 8 by the a-value (a,4;). Balescu and Lamothe (1993) measured the « efficiency of
150-250 um K-feldspar grains for their samples, estimating an a,,; of 0.11+0.03, which we use in this
study. The final equation to assess the energy of the U a-decay event (Gy ka™!) is:

Ug = ((A238u * kosgua * [U]) + (A2ssy * kossua * [UD)) * ayay (5.12)

This calculation is valid for U series in secular equilibrium. However, for scenario 2 the 23®U-series
is in disequilibrium; we can assume that all daughter radioisotopes below 234U are absent, and that
234U may be in excess or in deficit. Consequently, only the parent radioisotopes are considered in
the calculation of E, (Equ. 5.10), and [U] is scaled by its (4#48"er x jparent xy activity ratio u, which
represents the excess or lack of 248"’ X compared to P#"¢"* X. Consequently, the U a-decay dose
rate, where 234U is in disequilibrium with 238 is:

Uq = ((A238y * kozgua * [U]) + (A234u * kozaua * (U] * ) + (A23su * kogsya * [UD) * ayer (5.13)

Furthermore, even in scenario 2, not all U within the nodule can be considered to be in disequilibrium
because some is derived from the residual soil fraction (Equ. 5.6). Consequently, the U, dose rate
needs to be calculated for both equilibrium and disequilibrium, and the U concentrations [U] must be
multiplied by the relative proportions calculated in Equation 5.6.

After the calculation of the contribution for each element, the same decay events’ contribution must
be added together and corrected for water attenuation using the appropriate factor (here for @ = 1.49;
Aitken and Xie, 1990). The following equation shows an example for the total a-dose rate contribution
(Da):

Uy + Thy

a= WF
(1+1.49  WE)

(5.14)

where, U, and Th, are the attenuated doses calculated in Equations 11 or 12, depending on the
scenario (1 or 2), and WF is the water content (%) of the sample (estimated here to be 10+2%). Finally,
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the y-dose rate (DY) needs to be scaled during the time period T>. Because the nodule diameter is <30
cm, a nodule cannot be considered as an infinite matrix (Fig. 5.2). The final Dy then accounts for the
self-dose from the nodule and a contribution from the host sediment (Aitken, 1985):

o p ~i p ~ex
D,=—DL+(1--L9D 5.15
Y7 10077 ( 100) Y (5.15)

where, the self-dose p (%) is calculated by multiplying the diameter of the nodule (cm) by its density
(2.7 gcm™3, as estimated for the nodules (n = 5)), D; is the gamma dose emitted by the decay of
radionuclides present in the carbonate nodule, and D}* is the gamma dose emitted by the decay of
radionuclides present in the soil.

OSL ages

The OSL age (ka) of trapped minerals, reflecting the deposition time of the soil parent material (%), can
be calculated as follows:

D D
o= Th+ T, = —.e'so + _'e,no
N Dno

(5.16)

SO,

e,s0

to=(D. )+ T (5.17)
D

N

The length of T5, or the age of carbonate nodule formation, is thus important to assess. The objective
here is to evaluate the effect of different 7> durations on the OSL age (fy) for both scenarios. As already
specified, the pedogenic carbonate nodules are expected to form in Vertisols inherited from the AHP
from c. 15 to 5 ka BP; deMenocal et al., 2000). Moreover, it is not excluded that carbonate is still
precipitating in the present-day, as the soil chemical conditions are still favourable (Diaz et al., 2016).
Consequently, the two end-members, represented by the minimum and maximum deposition ages,
are:

(5.18)

Imin =

D,

Imax = =

(5.19)

no

where, t;,,;, considers that the carbonate nodule never precipitated, i.e = 0, and ¢, considers that
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the carbonate nodule always existed, i.e T» = fy. The true sediment age should lie between these two
unlikely end-members, i.e. some residence time in the soil followed by a second phase trapped in the
nodule (Equ. 5.16 and 5.17). For the disequilibrium scenario, the OSL ages are first calculated with a
(234U /%8 U) activity ratio of 1.31, assuming that the 34U daughters are absent. This ratio value is used
following the 234U /%38 ratios measured for Holocene pedogenic carbonate nodules from a similar
environment in India (Violette et al., 2010). Different activity ratio values are also tested in subsequent
calculations in order to more specifically determine this effect on the OSL ages.

5.3 Results

5.3.1 Luminescence results

A summary of the luminescence results is given in Table 5.2 for nodules NO1 and NO2. The SA
overdispersion values (OD) for subsample NO1Egy; are much higher than for subsample NO1y,,; for
both the IRs59 (19.4+£0.6 % and 8.6+0.3 %, respectively) and pIRIRy)5 (8.4+0.3 % and 1.1+0.8 %,
respectively) signals. PSG measurements have higher OD values than SA measurements, but follow the
same trends. The IRs5o/ pIRIRy5 ratios, which represent the relationship between the doses derived
by the IRs5¢ and the pIRIR;,s5 signals, are 0.50 and 0.41 for PSG and SA respectively for NO1gy;. For
NOljy;, they are 0.74 and 0.64, while for NO2 they are 0.66 and 0.60. This ratio is expected to be less
than unity as the IR5g signal is more affected by anomalous fading (Thomsen et al., 2008). This is
supported by the measured g244y5 values (n=3), which are 4.5+0.9 %/decade (NO1) and 5.0+0.7 %/dec
(NO2) for the IRs5 signals, and 1.7+0.6 %/dec (NO1) and 1.9+0.6 %/dec (NO2) for the pIRIR,5 signals.
Moreover, the pIRIR,,5 signal has been shown to bleach more slowly than the IR5q signal (Buylaert et
al,, 2012), supported for these samples by the residual doses measured after sunlight bleaching (~4 Gy
for the IRsg signal and ~8 Gy for the pIRIR»y5 signal, Table 5.3). The dose recovery ratios (measured
dose - residual dose/given dose) measured using PSG for both samples show acceptable deviations
from unity within 10% (Table 5.3). The OD values for the PSG dose recovery test range between 10
and 24% (Table 5.3). The D, values determined using the PSG and SA measurement approaches are
within uncertainties for all samples, and only the NO1g,; IRs5¢ signal has a ratio beyond 10% of unity,
i.e. 1.3 (Table 5.2 and Fig. 5.3). The kernel density estimate (KDE) plots illustrate the SA D, distribution
for NO1gy; and NOl,;, with both IRs5 (Fig. 5.4A) and pIRIR,,5 (Fig. 5.4B) signals. The difference
between the two sample D, values is smallest for the pIRIRy;5 signal.

Table 5.2 — Comparison of pseudo-single grain (PSG) and small aliquot (SA) measurements for samples NO1 gy,
NO1y,; and NO2. The D, values were calculated according to the central age model (CAM; Galbraith et al., 1999)
with uncertainties expressed at +10. The IRso/ pIRIR»s5 ratio illustrates the difference between investigated
signals. The PSG/SA ratio compares the two measurement approaches. n is the number of aliquots/grains
measured.

Signal Pseudo-Single grain (PSG) Small aliquot (SA) PSG/SA
n D, (Gy) IRs50/pIRIR5  OD (%) n D, (Gy) IRso/pIRIRys OD (%)
NOlgy: IRsg 63  33.9+15.2 0.50 38.1+04 24 25.5%+6.3 0.40 19.4+0.6 1.3
pIRIRys 25 67.3t11.8 15.0+0.5 24 63.1+£7.0 8.4+0.3 1.1
NOlp,; IRs 125 57.3+13.3 0.74 22.8+0.1 24 56.4+6.9 0.64 8.6+0.3 1
pIRIRys 54 77.8+10.4 11.3+£0.2 24 88.3+5.2 1.1+0.8 0.9
NO2 1Rs 148 52.2+15.6 0.66 29.9+40.2 24 53.6%4.0 0.60 5.1+0.3 1
pIRIRys 24 78.9+16.8 23.1+0.7 24 90.5+5.5 2.24+0.5 0.9
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Figure 5.4 — Comparison of the SA equivalent dose (n=24) for the external part of nodule NO1 (NO1gy;) with
its internal part (NO1y,), for both IR59 (A) and pIRIR»25 (B) signals. The equivalent doses for both signals
are significantly different between NO1g,; and NO1y,;. This difference is greater for the IR5g signal than the

pIRIRy75 signal.

5.3.2 Dose rate assessement

Electron microprobe micro-analysis on individual grains indicated that the <2.58 gcm > mineral extract
comprises 30% K-poor plagioclases (Oligoclase, K-content <5%) and 70% K-rich feldspars (Orthoclase),
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Table 5.3 — Residuals and dose recovery test results from pseudo-single grain (PSG) measurements. The residual
D, values were calculated according to the central age model (CAM; Galbraith et al., 1999) represented with
uncertainties expressed at +SE (standard error). The dose recovery ratio is calculated as the recovered dose - mean
residual (D(e-res)) divided by the given dose (Deg) and are expressed at =1 o.

Signal Residual dose Recovery test
n De+SE(Gy) n D.+SE(Gy) OD (%)
NO1gx; IRs 98 3+£0.3 48 1.03£0.30 22+0.4
pIRIRy>5 59 8+0.6 22 1.13+£0.25 10+0.6
NOlr,:  IRso 106 4+0.4 149 1.03+0.23 16+0.1
pIRIRy5 75 8+1.0 81 0.97+0.58 24+0.2
NO2 IRs5 194 3+0.2 211  0.93+0.14 10£0.1
pIRIRy; 168 6+0.3 96 0.94+0.19 1440.1

resulting in a mean K-content of 12.65+0.10% (+10) for the K-rich feldspar fraction. Assuming the
K-rich feldspars contribute mostly to the measured signal, the calculated D;,,; is 0.45+0.09 Gy ka™!
for both NO1 and NO2. The D,,s may have varied during 75 following late-stage erosion (Step IV, Fig.
5.2). The extent of erosion is unknown but if we assume a total erosion of 30 cm, Do changes from
~0.21 Gy ka-1 (before erosion) to ~0.29 Gy ka™! (after erosion) for NO1, and from ~0.17 to 0.18 Gyka-1
for NO2. The other unconstrained parameter is the proportion of time affected by the change in the
D¢os, i.e. when the erosion event occurred. As proposed by Diaz et al. (2016), this event occurred after
nodule formation and could therefore have been initiated towards the end of the African Humid Period.
The proportion of time affected by the change in D,s should then be ~30%. Consequently, D, values
0f 0.2540.03 Gy ka~! and 0.17+0.02 Gy ka ™! are obtained for NO1 and NO2, respectively, for the whole
time period, i.e. T; + T».

The external dose rates in the nodule (D,,2) were calculated for both scenarios. Continuing with the
example of a-decay as developed in sections 5.2.4, the energy values for an a-decay (E,g) of the 238 U-
series in equilibrium is 42.87 MeV/Bq s™!, whereas in disequilibrium, E,, is reduced to 4.19 MeV/Bq
s~! (Appendix G). The resultant k factors (Equ. 5.10) are thus 0.036 and 0.003, for the equilibrium and
the disequilibrium scenario, respectively. This represents a one order of magnitude reduction in Dy,
(Appendix G). All the attenuated radiation values, for each element and radiation type, in the soil and
nodule and for both scenarios, are given in the supplementary material (Appendix G).

Following Equations 5.3 to 5.6 and geochemical measurements (Table 5.1), the calculation of the U
fraction included in the carbonate nodule as a soil detrital fraction, and thus assumed to be in secular
equilibrium, is 0.24. This implies that 76% U was included as UO2(COz3); 2 and can thus be assumed to
be in disequilibrium. The resulting external dose rate during the time period T} (Dey1, i.e. from the
soil and cosmic ray dose during step I), is 5.36+0.34 Gy ka~! and 5.28+0.34 Gy ka~! for NO1 and NO2
respectively. The external dose rate during the time period T» (Dextg, i.e. from the nodule and the soil),
is 3.67+0.34 Gy ka™! and 3.79+0.34 Gy ka™! for NO1 and NO2, respectively, when assuming secular
equilibrium (scenario 1). If disequilibrium is accounted for (scenario 2), the Dy is 3.00+0.34 Gy ka™!
and 3.18+0.34 Gy ka~! for NO1 and NO2, respectively (Table 5.4).

The total environmental dose rate, i.e. taking into account the Dins, for the time period T (Ds,) is thus
5.814+0.34 Gy ka™! (NO1) and 5.73+0.34 Gy ka™! (NO2). For the time period T» (D,,), when assuming
secular equilibrium, it is 3.92+0.34 Gy ka~! (NO1) and 3.96+0.34 Gy ka~!' (NO2), while it is reduced to
3.2540.34 Gy ka1 (NO1) and 3.35+0.34 Gy ka ! (NO2) if disequilibrium is accounted for (Table 5.4).
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The effect of different nodule diameters on the dose rate shows an increase of =0.3 Gy between nodule
diameters of 0.5 and 10 cm, which represent a maximum error of c. 8%. Moreover, different (*34U/?38U)
activity ratio values, ranging from 0.5 to 3 assuming that >3* U daughters are absent, were explored in
the calculation of D, . Resulting dose rates range from 3.04 to 3.10 Gy ka~! inducing a maximum
change of 0.06 Gy ka~! (~2%). Finally, the potential accumulation of carbonate during T} induced a
maximum change of 0.2 Gy ka™' (~8%) if we consider a concentration of 7% carbonate nodules in the
soil according to the present-day observations. Regarding the lack of real quantitative constrains of
these factors and the negligible effect on the calculated dose rates, we did not consider them in the age
calculations.

Table 5.4 - Internal (D;,,;), cosmic (D0s) and environmental dose rates (D?) for NO1 and NO2, for the equilibrium
(1) and disequilibrium (2) scenarios.

Scenario 1 Scenario 2
Dint Gyka™ Doy Gyka™' DgGyka™' DeyppGyka! DpoGyka' DeypGyka™' Dy, Gyka™!
NO1 0.45+0.09 5.36+0.34 5.81+£0.34 3.67+0.34 3.92+0.34 3.00+£0.34 3.25+0.34
NO2 0.45+0.09 5.28+0.34 5.73+£0.34 3.79+0.34 3.96+0.34 3.18+0.34 3.35+0.34

5.3.3 OSL ages

Figure 5.5 illustrates the anomalous fading corrected and uncorrected ages for NO1. It shows the
ages calculated for the secular equilibrium scenario (scenario 1) and between the end-members (Equ.
5.17-5.18-5.19). According to the g»44ys values (%-dec), the correction is more important for the IRsg
ages than the pIRIR»5 ages (Fig. 5.5A, 5.5B). The corrected I R5( ages are in good agreement, i.e. on the
1:1 line, with the uncorrected pIRIR,5 ages (Fig. 5.5C). Greater deviation between values is observed
when comparing the corrected IR5y ages with the corrected pIRIRy,5 ages (Fig. 5.5D). Even if the
residual doses are subtracted from the pIRIR,,5 value and the IRs value, the corrected pIRIR,5 ages
are ~25% greater than the corrected I1R5 ages. The agreement between IRs5 ages and pIRIR»;5 ages
is good when pIRIR,»5 ages are uncorrected by anomalous fading.

Figure 5.6 illustrates the equilibrium and disequilibrium OSL ages for samples NO1 and NO2, calculated
with time period T» ranging from 0 to 15 ka. The represented ages are the uncorrected pIRIR»;5 ages.
The OSL age (#p) ranges from 15 ka to 22 ka. The difference between the equilibrium and disequilibrium
OSL ages is <5% if the carbonate nodule precipitation age is <7 ka, and between 5 and 10% if the nodule
precipitation age is 7 to 15 ka. This is represented by the deviation from the 1:1 line, which increases
with the carbonate nodule age. The OSL ages shown in Figure 5.6 were calculated with a (33*U/2381))
activity ratio of 1.31 for scenario 2. However, if the effect of different (>3*U/238 U) activity ratios (0.5
to 3), as a function of different 7> durations, is added (Fig. 5.6, inset), this increases the difference
between equilibrium and disequilibrium OSL ages by only 1%. Figure 5.7 shows the resulting OSL ages
of sample NO1 and NO2 calculated as a function of the carbonate nodule age. The black bold line and
grey bold line represent the disequilibrium and the secular equilibrium scenarios, respectively. The
minimum OSL ages (white stars) are obtained for a carbonate nodule age of 0 ka, i.e. the carbonate
nodule never precipitated (=no disequilibrium effect on the dose rate), and are 15.2 ka (NO1) and
15.8 ka (NO2). However, when the carbonate nodule precipitates, the D,y will differ according to the
different scenarios. This results in two different age-accumulation rates (Figure 5.7), which deviate
from one another with time, i.e. with increasing the carbonate nodule age. The slope of the lines
assuming decay chain equilibrium for nodules NO1 and NO2 (~0.3) is lower than the disequilibrium
lines (~0.4), which is a consequence of the greater D. The maximum OSL ages (black stars) are c. 23 ka
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Figure 5.5 — Ages calculated for NO1, using different carbonate nodule ages (grey scale) and assuming secular
equilibrium (scenario 1). A) Uncorrected IR5g age versus fading corrected IRs5g age, B) Uncorrected pIRIR225 age
versus fading corrected pIRIR»55 age; the g-values are given in the boxes. C) Fading corrected IR5g age versus
uncorrected pIRIRy,5 age, D) Corrected IRs5q age versus corrected pIRIR225 age.

for scenario 1 and c. 27 ka for scenario 2, with a maximum deviation of 18%. These maximum ages
imply that the OSL age is equal to the carbonate age (i.e. the carbonate nodule already existed at the
deposition time). The grey area in Figure 5.7 represents the African Humid Period (AHP, c. 5 ka to c.
15 ka); if we consider that the carbonate nodule formed during the AHP (Fig. 5.7, white arrow), giving
plausible OSL age ranges between c. 16 to 22 ka.

5.4 Discussion

5.4.1 Suitable mineral population

In this study, we investigated the potential issue of partial bleaching using PSG instead of strict SG. The
number of grains is sim10-20 but chemical measurements of the <2.58 gcm ™3 fraction showed that
70% of the grains were K-rich feldspars and 30% K-poor feldspars. Consequently, as K-rich feldspars
are brighter, the number of responding grains is sim7-14 for each PSG measurement. Except for the
IRs5 signal of NO1g,;, the OD values are <30%. For PSG measurements, the high OD in the values can
be attributed to intrinsic factors, such as measurement uncertainties, thermal transfer, variable rates
of fading and extrinsic factors, such as partial bleaching, post-depositional processes and potentially
variable micro-dosimetry (e.g. Duller, 2008; Lamothe et al., 2012; Reimann et al., 2015; Mayya et al.,
2006). As the grains might have been mixed by pedoturbation after deposition, and as the carbonate
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rium or disequilibrium scenario. An activity ratio (234 U/238U) of 1.31 was taken in the calculations. The difference
between both scenarios increases with the carbonate nodule age (i.e. the duration of T»). The inset shows the
effect of changing the (23*U/238 ) activity ratio from 0.5 to 3 on OSL ages as a function of carbonate nodule age
and duration of time T». Calculations were done taking the most extreme scenario, i.e. assuming that all 234U
daughters were lacking. The error is <10% irrespective of the (>34 UU/238U) activity ratio if the nodule age is 15 ka.
The error associated with different (234 U/238U) activity ratios (ranging from 0.5 to 3, grey area) increases with
the carbonate nodule age but is negligible compared to the effect of the absence of 234U daughters. If these were
present, the disequilibrium scenario would get closer to secular equilibrium.

nodules were exposed to light after precipitation, scatter in the equivalent dose (D.) distributions
relating to partial bleaching, is anticipated.

Overdispersion from the dose recovery experiment should enable scatter caused by intrinsic factors
only, to be characterised (Reimann et al., 2015), and for single-grain feldspar the OD values measured
in other studies range from 6 to 22% (Neudorf et al., 2012; Reimann et al., 2012; Trauerstein et al.,
2014; Smedley et al., 2015). The OD values of the dose recovery experiments for NO1 and NO2 (PSG)
range between 10 and 24% (Table 5.3); which is significantly greater than the measured instrument
reproducibility (<10% for PSG measurements). This could be explained by variability in rates of
anomalous fading between grains from the same sample (Lamothe et al., 2012), or variations in the rate
of signal bleaching (Buylaert et al., 2012; Smedley et al., 2015). When the OD values recorded for the
natural measurements are contrasted with those from the dose-recovery measurements, it is apparent
that most signals and samples contain some scatter attributed to extrinsic factors. Heterogeneous
carbonate accumulations could result in micro-dosimetric variations that partly explain this apparent
excess in dispersion. This would be true during step I (Fig. 5.2), however during step II, thin section
analyses (Fig. 5.1C) indicate a near-homogeneous distribution of detrital minerals in the nodules.
NO1gy; has the greatest OD and had the greatest degree of sunlight exposure (nodule surface, sampled
from the surface of a mima-like mound), which suggests that partial bleaching may be a key cause
of the overdispersion that we observe. This interpretation is supported by the IR5o/ pIRIR»y5 ratio,
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Figure 5.7 — OSL ages for NO1 (left) and NO2 (right) as a function of the carbonate nodule age. The bold black
line represents the equilibrium scenario (1) and the bold grey line represents the disequilibrium scenario (2). The
end-members calculated assuming that the nodule has always existed (maximum OSL age, black stars) and late,
instantaneous nodule precipitation until a nodule age of 0 ka, i.e. carbonate nodule never existed (minimum OSL
age, white stars), calculated with Equations 17 and 18. The plausible OSL ages should thus range between these
two end-members. As carbonate nodules are expected to form during the African Humid Period (grey area), the
most plausible OSL age should range between 16 to 22 ka (white arrows).

which is significantly smaller (~0.2) for NO1gy (0.50) compared to NO1y,, (0.74), indicative of greater
reset of the fast-bleaching IR50 signal (e.g. Thiel et al., 2011; Buylaert et al., 2012). Furthermore
pedoturbation processes, which are characteristic of Vertisols, may also have induced some of the
observed scatter (Bateman et al., 2003). The OD value of NO2 is 29.9+0.2% for the [R5 signal, but
the NO2 [R50/ pIRIRyys5 ratio is similar to NO1y,; (0.66 and 0.74, respectively), suggesting that the
luminescence signals have not been partially reset. Nevertheless, the OD values for both NO1y,;
and NO2 assessed by PSG measurements suggest that any partial bleaching is not significant (i.e OD
values are <30%) and the minerals from the internal part of the nodule are considered suitable for
luminescence dating.

Contrasting the PSG and SA measurements indicates that although some SA values are higher than the
PSG values, they are within errors and the difference between both approaches is <10% (Fig. 5.3). The
difference is greater (>10%) for the IR5 signal of NO1g,;, emphasizing that post-deposition bleaching
affects the exterior of surficial nodule NO1 and that the I Rs( signal bleaches most rapidly. Consequently,
as PSG measurements are time consuming and technically challenging (Duller, 2008; Trauerstein et al.,
2014), and as they do not significantly change the values determined for these samples, it is suggested
that the SA approach is both sufficient and appropriate.

Finally, comparing the SA measurements for NO1gy,; and NO1j,; (Fig. 5.4), the difference in values
between the internal and external parts is significant for both the IR59 and pIRIR,5 signals, but is
greatest for the IRs5g signal. This may be explained by the slower bleaching of the pIRIRyy5 signal in
comparison to the IRs5g signal (Buylaert et al., 2012), as also evidenced by our residual measurements
(Table 5.3). Differences between the IRs5y and pIRIR,,5 values are explained by anomalous fading
(Thomsen et al., 2008; Buylaert et al., 2012). Fading corrections were done using the luminescence
package (v.0.3.4) in RStudio (Kreutzer et al., 2012) following Huntley and Lamothe (2001). According to
Figure 5.5, the IRs59 and pIRIRy;5 ages are in good agreement when pIRIR»,5 ages are uncorrected
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for anomalous fading (Fig. 5.5C). However, when pIRIR»,5 ages are corrected for anomalous fading,
they overestimate the age compared to corrected IR5y ages (Fig. 5.5D). Subtraction of the residual
measured following 4 h of sunlight exposure in Lausanne cannot reduce the fading-corrected pIRIR225
age overestimation, relative to the fading corrected IRsp ages. The g»44ys values measured for the
pIRIR,)s5 signal are close to 1.5%/dec within error, measuring such low fading rates accurately is
difficult. Therefore, fading correction may not necessarily give more accurate ages (Wallinga et al.,
2007; Roberts, 2012). Moreover, the residual dose was measured after sunlight exposure in Lausanne,
which may be considerably different from the natural depositional environment in Cameroon. Finally,
as discussed previously, our results suggest that the pIRIR»,5 signals of NO1j,; and NO2 were not
affected by partial bleaching. Consequently, regarding (i) the challenge of accurately constraining low
rates of anomalous fading, (ii) the lack of an appropriate residual dose analogue, and (iii) the good
agreement between fading-corrected IRs5 ages and uncorrected pIRIR;,5 ages, the latter are regarded
as being the most representative of the true age (Fig. 5.5C).

5.4.2 Effect of carbonate nodule formation on the environmental dose rate

The carbonate nodule formation event induced two different effects: (1) a change in the radionuclide
concentration, and (2) as assumed in this study, a disequilibrium in the 238 [J series. Consequently, the
D is 50% lower during T than during Tj, as the respective radionuclide concentrations also reduced.
Moreover, if the 238U-series is considered to be in disequilibrium (scenario 2) during T», the D is
reduced by a further 19+3% (~0.7 Gy ka™1) than when secular equilibrium is assumed (scenario 1).
This is a maximum estimate because we assume that all 234U daughters are absent. However, this
difference is significant and two times more important than the uncertainties induced by different
(234U /238U) activity ratios or different carbonate nodule diameters, which exert maximum changes
of 2% (0.07 Gy ka™! between 24U /38U activity ratios of 0.5 and 3) and 8+1% (0.3 Gy ka~! between
diameters of 0.5 and 10 cm), respectively. Finally, the progressive accumulation of carbonates during T}
could induce a change in the infinite matrix dose rate. Calculating the dose rate assuming a maximum
probable carbonate accumulation of 7% (as presently observed in the soil), results in maximum change
of D during T; of 3% (0.2 Gy ka™!). Consequently, all combined, the maximum total uncertainty,
without the disequilibrium effect, on the environmental dose rate may be ~10% (~0.5 Gy ka™').

5.4.3 Soil parent material deposition age

The significance of the disequilibrium effect depends directly on the age of the carbonate nodule, i.e.
the duration of time period T». Thus, whilst the environmental dose rate (D) may change considerably,
the effect on the OSL age may be relatively limited. The uncertainty induced by the disequilibrium is
<10% for nodule ages ranging from 0 to 15 ka. As D,,, is lower than D;,, when the D,,, contribution
increases, i.e. T» increases, the OSL age becomes older (Fig. 6). This is also apparent within the
disequilibrium scenario. The effect of different (>3*U/?38U) activity ratios (0.5 to 3) on the OSL age (Fig.
6, inset), as a function of different 7, durations, is even less significant (~1%) than the absence of 284y
daughters (<10%). If some 23* U daughters were present, the difference between the equilibrium and
disequilibrium OSL ages would be smaller. Furthermore, regarding Figure 7, it is possible to state that
both minimum (c. 15 ka) and maximum (c. 23 or 27 ka) OSL ages are improbable: T, = 0 is impossible
as the nodule exists, and T» = fj is unlikely as the carbonate nodule formed within the host soil. It
is thus certain that the deposition event preceded carbonate accumulation (i.e.T» < fy). The time of
mineral deposition (fy) should thus range between these two end-members (Fig. 7). Finally, the nodule
growth rate is unknown but this effect on the final age would induce a maximum uncertainty of 5% (c.
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2 ka). However, this is for 5,4y, if we look at OSL calculated ages between the expected 7T, range, the
error would be less than 2% on the OSL age (<1 ka), which is considered negligible as it is within errors.

Consequently, the maximum difference between the two scenarios is 15.5+1.5% on average for both
samples (Fig. 5.7). As the carbonate nodules are expected to form during the AHP (Fig. 5.7; grey area),
the uncertainty induced by disequilibrium should be less than 10%. Nevertheless, even in this range,
the most probable OSL age ranges are 17-20 ka and 17-22 ka for the equilibrium and the disequilibrium
scenarios, respectively. The OSL age uncertainty is thus still ~20%, which is significant. Consequently,
it is crucial to independently assess the duration of 7> to calculate accurate OSL ages. The uncertainty
attributed to the carbonate nodule age is higher than the uncertainty attributed to the disequilibrium.
Finally, the uncertainties related to other parameters, such as the nodule growth rate, the degree
of disequilibrium or the progressive accumulation of carbonate during t;, are even lower than the
disequilibrium. Since these parameters have a negligible influence on the palaeoenvironmental
interpretation, they are not considered further.

5.4.4 Mineral fractions within pedogenic carbonate nodule as time archives

The minerals trapped in the pedogenic carbonate nodules can be used to assess the age of the soil
parent material deposition. Despite the amount of uncertainty induced by the carbonate nodule age
and the associated disequilibrium, calculated OSL ages show that the deposition of the soil parent
material may have occurred before the AHP, i.e. before 15 ka. Such ages would suggest that the soil
parent material was deposited during a drier period, termed the Bossoumian (Hervieu, 1970). This
information is important and confirms the hypothesis that the soils may have been initiated during the
AHP (Diaz et al., 2016a) following the Bossoumian and thus the deposition of the soil parent material.
However, to strengthen this statement the deposition ages need to be calculated more accurately, and
in order to achieve this, the carbonate nodule precipitation ages must be determined independently
with other methods (i.e. U/Th or radiocarbon dating). Nevertheless, pedogenic carbonate nodules
are important time archives and can be used to get temporal information on the soil parent material
deposition constraining the onset of pedogenesis, to which carbonate precipitation is related.

5.5 Conclusion

Carbonate nodules in soil relics can be used as time archives. As they are pedogenic in origin, the
minerals trapped within them are representative of the soil parent material. Luminescence dating
of these minerals can provide information on the deposition time of the sediments from which the
soils developed. In this study, pedoturbation and post-deposition partial bleaching can affect the
OSL signal of the minerals. We show that the minerals from the internal part of a nodule have low
overdispersion values using either pseudo-single grain or small aliquot measurements, which suggests
that this mineral population is unaffected by partial bleaching and/or pedogenic processes and is thus
suitable for OSL dating. Moreover, the carbonate precipitated from surficial waters and, in this context,
the 238 U-series is likely to be in disequilibrium. We found that only 76% of U could be considered in
disequilibrium, the other 24% being derived from the trapped residual soil fraction and thus assumed
to be in secular equilibrium. Considering this context, the worst-case disequilibrium scenario is when
all 24U daughters are absent, which results in a decrease of the environmental dose rate by 19+3%
(~0.7 Gy ka™'), irrespective of the (?3*U/?8U) activity ratio value included in the calculations (from
0.5 to 3). However, the effect of disequilibrium on the final OSL age is shown to be strongly dependent
on the carbonate nodule precipitation age. As the carbonate nodules are expected to have precipitated
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during the AHP, the maximum uncertainty on the OSL ages should be ~20% and the maximum error
induced by the disequilibrium should be <10%. To conclude, the assessment of the carbonate nodule
age is important for OSL age calculations, when using minerals trapped within carbonate nodules. It
is advisable to combine independent methods to assess the time of carbonate formation. However,
this alternative dating approach is useful when fieldwork/logistical issues prevent the possibility of
collecting soil or sediment samples for OSL dating. Moreover, our proposed method is promising and
has the potential to constrain soil formation and associated pedogenic processes inducing secondary
carbonate precipitation. Beyond being geochemical proxies, pedogenic carbonate nodules are thus
also sedimentary time archives.
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6 The valuable legacy of soil relics

6.1 Introduction

Environmental changes can be reconstructed through the study of different sedimentary archives,
using multiple proxies and adequate dating techniques. These tools improve our understanding
of environmental processes evolution through time and are thus important for the prediction of
ecosystem evolution. In the tropical zone of West Africa, the major climatic changes since the Last
Glacial Maximum (LGM, 26.5-19 ka) have been documented owing to marine (e.g. deMenocal et al.,
2000; Lézine and Cazet, 2005; Weldeab et al., 2007) and lacustrine sedimentary sequences (Salzmann et
al., 2002; Shanahan et al., 2015). Sequences usually show that, while cold and hot periods alternated
in the northern hemisphere, respective dry and wet periods were recorded in Africa (deMenocal et
al,, 2000). These climatic variations directly influenced the water budget at the continental surface,
impacting dynamics of landscapes in both aquatic (rivers, lakes) and terrestrial (vegetation, soils)
environments. These changes are tracked in various continental sedimentary sequences, such as
lacustrine, alluvial, or palustrine environments (e.g. Gasse, 2000; Lézine et al., 2011; Sangen et al.,
2011).

In the semi-arid/arid areas, such as the Sudano-Sahelian belt of West Africa, the observation of dis-
continuous and/or incomplete continental records make the palaeo-environmental interpretations
challenging due to little organic matter preservation and aeolian erosion during dry periods (Chase,
2009; Bristow and Armitage, 2016). Beyond the preservation issue observed in continental settings, it is
also important to take into account the response of the different geosystems and to understand how
they record environmental fluctuations. The interpretations can be biased by the inertia effect affecting
the water table, its level varying slower than the climate. There is also a threshold effect, implying that
the disappearance of the water table does not necessarily signify an absence of precipitations but rather
the occurrence of a minimal level, which is site dependant (Durand and Lang, 1986). These issues are
obviously depending on the type of geosystem studied. The Chad Basin (Fig. 6.1A) includes a very
sensitive climatic area, the Sahel, i.e. a zone of transition between the desert and wooded savannahs.
This sedimentary basin represents therefore an ideal place to study the response of continental geosys-
tem to climate change during the Quaternary. In the whole basin, the study of partial sedimentary
sequences located in various places (e.g. Pias, 1968; Hervieu, 1970; Sieffermann, 1967; Servant, 1973;
Servant-Vildary, 1978; Maley, 1980; Durand and Mathieu, 1980; Durand and Lang, 1986; Durand, 1995)
allows a stratigraphic chronology to be established for the Late Quaternary.

The period from 26+1 to 14+1 ka cal BP (Late Pleistocene), termed Kanemian (Chad Basin; Servant and
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Figure 6.1 — A) Mean annual precipitations for the Sudano-Sahelian and the Sahelian belts and Far North region
of Cameroon location belonging to the Chad Basin. Dashed lines are the mean ITCZ position during August and
January (Nicholson, 2009!). B) Location of the main and additional study sites in the Diamare piedmont along
the Mayo Tsanaga. Mima-like mounds occurrences are observed with Google Earth images and are reported
with white dots. Red lines are the mean annual precipitation (MAP; mm yr~!) which decrease gradually from
the Mandara Mountains to the Yayres (UHote, 1998). C) Mima-like mound and associated carbonate nodules, i.e.
main study site of the pedo-sedimentary geosystem. Three compounds from the nodules collected at different
depths in the mounds were extracted and dated; 1. K-feldspars dated using post-IR IRSL technique, 2. organic
matter dated using radiocarbon technique, and 3. calcite dated using radiocarbon technique.

Servant-Vildary, 1970) or Bossoumian (Northern Cameroon; Hervieu, 1970), is drier than the previous
period of the Ghazalian (44+1 to 26+1 cal kBP). The Kanemian can be divided into two parts (Durand,
1995), the Early Kanemian from 26+1 to 21+1 ka cal BB, corresponding to an arid maximum during
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the LGM, and the Late Kanemian from 21+1 to 14+1 ka cal BP, coinciding with the Heinrich Stadial
1 (HS1) characterized by global warming conditions and the deglaciations in high latitudes (Servant,
1973; Durand, 1995). The Kanemian is thus characterized by the increase of aeolian activity, however,
alluvial activity in the North and in the South of the basin, and lacustrine activity in the South, did not
completely stopped, showing that this period was not extremely dry. Since c. 14 ka cal BP, a wetter
period, called the Nigero-Chadian and characterized by the occurrence of lacustrine deposits in the
whole basin, followed the Kanemian (Servant, 1973). The first part of the Nigero-Chadian, termed L1 (14
to 10 cal kBP; Servant, 1973), is characterized, in the oriental Kanem, by thin interdunal diatomite-rich
sediments, associated with shallow lakes (Servant-Vildary, 1978) and overlaid by aeolian sediments
(Maley, 1980). Both concomitant shallow lakes disappearance and aeolian onset event suggest the
return of drier conditions and this coincides with the Younger Dryas (YD, 12.9 to 11.7 ka). Servant
(1973) recognized then the L2 Nigero-Chadian period, beginning at 10+0.5 ka cal BP (MIS1, Holocene)
and characterized by lacustrine sediments found in the whole basin. In the region of Lake Chad,
the lacustrine sedimentation was never interrupted since the Late Pleistocene. Consequently, the
present-day period still belongs to the L2 Nigero-Chadian period (Servant, 1973). At the African scale,
this wet phase is well known as the African Humid Period (AHP) usually agreed to persist from 14.8 ka
to 5.5 ka (deMenocal et al., 2000, Chase et al., 2010).

In this study, we demonstrate that, as a soil-sediment functional continuum, multi-dating of different
components of a pedo-sedimentary geosystem located in the southwestern border of the Chad Basin
was able to record environmental changes of the region since the LGM. Vertisol relics, i.e. degraded
Vertisols, were investigated in the far North Region of Cameroon in the southwestern part of Chad
Basin (Diaz et al., 2016a). They are (i) clay-rich / smectitic-rich, (ii) enriched in pedogenic carbonate
nodules, and (iii) display mound morphologies within stream networks termed mima-like mounds
(Fig. 5.2C). These features can be approached as pedo-sedimentary geosystems resulting from a four-
step (S) succession of sedimentary and pedogenic processes: S1) the soil parent material deposition,
being a mix between aeolian and saprolite compounds (Diaz et al., 2016a; Dietrich et al., 2017), S2)
soil development and organic matter integration, S3) pedogenic carbonate precipitation, and S4)
erosion, leading to the present-day mima-like mound landscape (Diaz et al., 2016a). This relative
four-step chronological succession must be related to changes in environmental conditions, which
in turn are driven by climate variations. Nevertheless, even if this scenario is well constrained by
pedo-sedimentary proxies, the various phases of formation have not been attributed to absolute dating.
In order to tackle this, three different compounds of carbonate nodules are dated performing different
methods. The K-feldspars trapped within the nodules constitute a residual fraction of the host soil
(Diaz et al., 2016b). Post-Infra-Red Infra-Red Stimulated Luminescence (post-IR IRSL) dating technic
was applied on these minerals to assess the deposition age of the soil parent material (S1). Radiocarbon
dating was performed on the organic and inorganic carbon fractions of nodules, in order to date the
soil organic matter (S2) and the carbonate nodule (S3), respectively. Finally, the erosion event (S4)
was not dated, but started likely after step S3. This study demonstrates the potential of a carbonate
pedo-sedimentary geosystem to act as a continental palaeo-environmental archive in semi-arid areas
from West Africa.

6.2 Study site and sampling

The Far North Region of Cameroon belongs to the Sudano-Sahelian belt of West Africa (Fig. 6.1A). The
study site is located in the Diamare piedmont near Maroua, in the southwesten part of Lake Chad Basin
(Fig. 6.1B). The piedmont lies between the Mandara Mountains, mainly granitic and gneissic (Brabant
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and Gavaud, 1985), and the Yayres floodplain related to Logone River. The precipitation distribution is
gradual (Fig. 6.1B) from the Mandara Mountains in Mokolo (1000 mm/yr), to Maroua (800 mm/yr) and
to Waza (600 mm/yr). Mima-like mound areas are widespread in all the piedmont (Fig. 6.1B) and are
associated to clay-rich sediments (Diaz et al., 2016a) intercalated, from the Mandara Mountains to the
Yayres floodplain, in a general evolution of granitic sand, to colluvium and alluvium.

The grain size distribution in mima-like mounds is characterized, in average, by 32% +12.8% (n=186)
of a clay fraction (< 2pm), with maxima reaching 67% (Diaz et al., 2016a). High proportions of smectite
are also present, with 34% +7% (n=25) average values. The soil structure is prismatic to massive, with
localized vertical cracks and secondary minerals, such as carbonate nodules and Fe-Mn micro-nodules,
found in abundance at the surface but also at various depths. These characteristics point to Vertisol
properties (Wieder and Yaalon, 1974; Wilding, 2004; Southard et al., 2011), but mima-like mounds are
rather truncated Vertisols. They are essentially mineral, with an organic content <1%. Moreover, as
stipulated above, carbonate nodules and Fe-Mn micro-nodules are found in high proportions at the
surface and interpreted as a remnant part of a former deeper Bk horizon, i.e. calcic horizon (Diaz et al.,
2016a). As they are occurring at the surface, mima-like mounds are interpreted as Vertisol relics, i.e.
soil in disequilibrium with present environmental conditions (Retallack, 1991). Finally, thin section
observations of carbonate nodules show that they are composed by a residual soil fraction cemented
by calcite (Diaz et al., 2016b). Primary minerals, clays, and little organic matter compose this trapped
soil fraction.

Therefore, nine nodules were selected at different depth, from 0 to 130 cm, in a mima-like mound
located in the main study site (Fig. 6.1B). For each nodule, aliquots were kept for luminescence dating
(OSL) and for radiocarbon dating on the inorganic carbon fraction (4 Cinorg). Due to the lack of
sample material, radiocarbon dating on the organic carbon fraction (**C,, g) was performed on only
five aliquots of this sample set (Table 6.1).

6.3 Methods

6.3.1 Sample preparation and measurements

Optically stimulated luminescence

The nodules were sawed to isolate the cores from the borders to select the minerals less or not affected
by sunlight exposure (Diaz et al., 2016b). The carbonate and the organic matter were removed using HCI
(10%) and H» O, (15%), respectively. The residual minerals were sieved at different sizes and separated
according to their density, using the Sodium Polytungstate liquid (SPT). Because of the abundance
of this mineral fraction, it was decided to work on unetched (Duller, 1992) K-feldspars (K-f, <2.58
gcem ™ fraction) ranging between 90-180 um. All these steps were done under red light conditions.
The minerals were then mounted as small aliquots (diameter = 1 mm) on aluminium disks (n = 12),
resulting of approximately 100 grains per disk. The D, values from K-f were measured using the post-IR
IRSL protocol (Buylaert et al., 2009) performed by a Rise TL/OSL-DA-20 reader (dose rate = 0.1 Gy
s71) at the Institute of Earth Surface Dynamics (University of Lausanne, Switzerland). The conditions
of the measurements are the same than those described in Diaz et al (2016b). The measurement
protocol was validated using a dose-recovery test (Murray and Wintle, 2003). The anomalous fading
was assessed according to the method developed by Huntley and Lamothe (2001). The D, values
were determined using Analyst v.4.31.7 (Duller, 2015) according to the following acceptance criteria:
recycling ratios of unity, maximum test dose, palaeodose error and maximum recuperation <5% of the
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natural luminescence signal. The luminescence package (Kreutzer et al., 2012) in RStudio (v.0.98.1087)
was used to determine the D, value for age calculations performing either the central age model
(Galbraith et al., 1999) or the maximum age model (Olley et al., 2006) according to the D, distribution.
The fading correction was also done in RStudio. Chemical values and description of D calculations are
given in Diaz et al. (2016b). All results concerning the D, values, the recovery test, the anomalous fading
values, the resulted D and the age calculations for this study are given in the Appendix H. However, the
OSL ages are given in Table 6.1.

Radiocarbon

An aliquot of each nodule was kept in order to perform radiocarbon on the inorganic carbon fraction.
This aliquot was crushed with an agate mortar and fragments representing the most internal part were
selected. They were washed with deionized water, dried under ambient air and finally crushed in fine
powders. Aliquots of five sample powders were treated with HCI (32%) to remove the carbonate and
then washed three times with deionized water, in order to get only the organic carbon fraction. Sample
treatment and measurements for radiocarbon dating were performed at the Ion Beam Lab at the ETHZ
(Zurich, Switzerland). Sample treatment procedure for organic and inorganic radiocarbon dating, are
referred in Hajdas et al. (2007) and Hajdas (2008), respectively. The measurements were performed
with an accelerator mass spectrometer (AMS). The fractionation of carbon isotopes (C/'¥C and
13¢/12¢) is also measured in order to take into account the natural fractionation of the sample and
the fractionation due to sample treatment (Table 1). The mass fractionation is used to correct the 1o
activity of the sample (F'*C). The radiocarbon age (T) is given by (Stuvier and Polach, 1977):

C'Age=-8033In(FC) 6.1)

Finally, the radiocarbon ages need to be calibrated due to the atmospheric '#C content variability
through time. The IntCal13 calibration curve (Reimer et al., 2013) in the program OxCal (version 4.2)
(Ramsey, 2009) was used to obtain calibrated ages at 95% confidence.

6.4 Results

Details related to the results of the pIR IRSL technic, the dose rate calculations and the interpretations
are given in the supplementary materials. Final luminescence ages and radiocarbon ages are given in
Figure 6.2 and Table 6.1. The results show three distinct age ranges. The luminescence ages are variable
depending on the signal, IR5¢ or pIRIRy5, and the correction or not by anomalous fading (Fig. 6.2).
This variability is also discussed in the supplementary materials. However, within uncertainties, the
luminescence ages for samples below 60 cm correspond to the Late Kanemian stratigraphic period (21
to 14 ka cal BP) and those above 60 cm to the first part of the Nigero-Chadian (L1, 14 to 10 ka cal BP).
These two periods of time correspond to the Late Pleistocene. Moreover, the trend of the luminescence
ages changes at 60 cm, i.e. c. 15 ka, and the slope becomes steeper to the surface. The slope can be
an indicator of the vertical accretion rate (resulting thickness per period of time), which results from
sediment deposition minus erosion. To assess the duration time, the difference between minimum and
maximum ages below and above 60 cm were calculated for each signal, i.e. corrected IR5g, uncorrected
pIRIR,y5 and corrected pIRIRyys. The thickness was then divided by these duration times giving the
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Table 6.1 — Anomalous fading values, fading-corrected IR, uncorrected (A) and fading-corrected (B) pIRIR225
ages, inorganic and organic calibrated radiocarbon ages. The isotopic compositions of dated samples are used for
the mass fractionation correction. All values are given at 10 uncertainty.

IRsg pPIRIR25 Radiocarbon
Depth  g2days Agecorr 82days Ageuncorr  A8ecorr Inorganic 6C Organic 8¢

(cm) (%/dec) (ka) (%/dec) (ka) (ka) (cal kBP) %0 (cal kBP) %0
M1 0 6.0+1.6 18.1+4.2 1.9+1.3 16.75+1.4 18.9+2.4  7.13+0.17 -8.2+1.0 nd nd
M1 0 3.6+0.4 7.6+1.7 1.6+0.5 10.6+1.1 11.7+1.3  6.34+0.06 -8.8+1.0 nd nd
M1 23.5 4.0£1.1 11.5+1.7 1.1+0.8 12.2+1.0 13.0+£1.2 6.244+0.05 -8.8+1.0 8.83+0.24 -42.1+1.0
M1 43 3.9+1.0 13.4+19 1.6+0.6 14.4+1.1 159+1.4 6.45+0.06 -12.3+1.0 nd nd
M1 71 49+1.1 16.0+2.5 2.9+0.2 16.2+1.3 19.7+1.5 6.34+£0.06 -20.1+1.0 10.39+0.17 -23.7+1.0
M1 81 42404 13.9+1.8 3.1+0.9 15.3+1.2 18.8+2.0 5.12+0.16 -6.2+1.0 9.5240.04 -23.3x1.0
M1 101 59+1.0 17.4%+29 2.3%1.6 17.0+1.4 19.8£3.0 5.1940.13 -9.9+1.0 nd nd
M1 105 49+2.0 14.7+£39 1.2+0.3 16.6+£1.3 17.9+1.4  5.04+0.17 -12.8+£1.0 nd nd
M1 111 4.2+40.8 159+2.2 0.6+£0.5 17.5+1.3 18.2v1.5 6.54+0.09 -8.0+1.0 11.05+0.24 -31.+1.03
M1 125 4.3+0.5 15.841.9 0.7+0.8 17.2+1.3 17.9+1.6 5.8320.08 -9.9+1.0 8.18+0.19  -23.6+1.0
Tril 90 nd nd nd nd nd 6.59+0.11  -13.0+1.0 nd nd
Tri2 90 nd nd nd nd nd 6.56+0.11 -15.1+1.0 nd nd
Tri3 90 nd nd nd nd nd 6.54+0.14  -14.5+1.0 nd nd
M2 0 nd nd nd nd nd 6.05+0.18 -7.5£1.0 nd nd
M2 30 nd nd nd nd nd 7.06+0.10 -13.5+1.0  9.30+0.20 -19.1+1.0
M2 60 nd nd nd nd nd 0.30+0.14 -5.2+1.0 nd nd
M3 0 nd nd nd nd nd 7.134£0.17 -8.2+1.0 nd nd
M3 0 nd nd nd nd nd 6.06+£0.12  -12.2+1.0 nd nd
M3 30 nd nd nd nd nd 0.87+0.07 -8.3+£1.0 nd nd
M3 40 nd nd nd nd nd 2.54+0.05 -7.4+1.0 nd nd
M3 55 nd nd nd nd nd 17.89+0.16  -4.9+1.0 nd nd
M3 70 nd nd nd nd nd 8.79+0.19 -4.9+1.0 nd nd
M3 95 nd nd nd nd nd 5.67+0.06 -11.1+1.0 nd nd
M3 100 nd nd nd nd nd 10.05+0.15 -0.5+1.0 13.57+0.16 -15.9+1.0
M3 115 nd nd nd nd nd 17.42+0.18 -2.1£1.0 nd nd
V1 0 nd nd nd nd nd 6.10+0.12 -6.8+1.0 nd nd
V2 30 nd nd nd nd nd 4.41+0.11 -7.7£1.0 nd nd
V3 60 nd nd nd nd nd 3.34+0.10 -8.2+1.0 8.51+0.10 -17+1.0
Quart. 25% - 13.5 - 14.6 16.4 5.15 - 8.75 -
Median - 15.3 - 16.4 18 6.21 - 9.41 -
Quart. 75% - 16 - 17 18.9 6.74 - 10.56 -
Mean - 14.4 - 15.4 17.2 6.52 - 9.92 -
Std. Dev. - 3.1 - 2.3 2.8 3.73 - 1.75 -

accretion rates. In average, the accretion rate below 60 cm is 0.23+0.13 mm alat+20 uncertainty;,
and above 60 cm it is 0.10+0.04 mm a~! at +20 uncertainty. Radiocarbon ages on the organic matter
fraction (14C,, ¢) trapped within the nodules range between 11.1 and 8 ka cal BP without any particular
pattern with depth. These ages correspond to the second part of the Nigero-Chadian (L2, since 10 ka
cal BP) or more precisely to the beginning of the Holocene. Finally, radiocarbon ages on the inorganic
carbon (*Cjy0r ¢) composing the nodules range between 6.6 and 5 ka cal BP without any pattern with
depth either. They correspond to the mid-Holocene period.

Carbonate nodule samples were collected in other study sites (Fig. 6.1B) and the 14Ci,wrg results
are given in Table 6.1. Luminescence ages are not available for these samples, but '4C,, ¢ dating was
performed on three aliquots (Table 6.1). The aim was to look at the variability of the ages between
different study sites. Results show a variability in 14 Cinorg ages ranging between 17 to 0.1 ka cal BP.
However, the majority of the ages, i.e. between quartile 25% and 75% (50% of the data), are between
5.15 and 6.74 ka cal BB, (Table 6.1). Finally, to highlight a possible variability within a sample, a triplicate
analysis was performed on one nodule sample (Table 6.1, Tri) and the 4, norg results are very close,
ranging from 5.54 to 5.59 ka cal BP. For the *C,,¢ ages, 50% (i.e. between quartile 25% and 75%)
of the data range between 8.75 and 10.56 ka cal BP, and the oldest age is 13.57+0.16 ka cal BP. The
luminescence age quartiles were also calculated (Table 6.1). Corrected IR5p ages range between 13.5
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Figure 6.2 — Ages recorded in the pedo-sedimentary geosystem. Luminescence ages of K-feldspars (stars)
for fading-corrected IRs5q, uncorrected pIRIR»»5 and fading-corrected pIRIRy25, calibrated organic matter
radiocarbon ages (green squares) and calibrated inorganic radiocarbon ages (blue squares). Results recorded four
steps: S1) soil parent material deposition, with a first phase (S1a) having a higher accretion rate than a second
phase (S1b), S2) pedogenesis and organic matter integration in soil, S3) carbonate nodule formation, S4) erosion
(not dated but post-AHP). The color bands represent the age data between quartiles 0.25 and 0.75, the dashed
lines are the median (i.e. 0.5 quartile).

and 16.0 ka, i.e. between quartile 25% and 75%. Uncorrected pIRIR»;5 ages range between 14.6 and
17.0 ka, and corrected pIRIR»»5 ages range between 16.4 and 18.9 ka (Fig. 6.2).

To summarize, dating results of the different compounds (i.e., feldspars, organic matter and carbonates)
from the nodules revealed three distinguished time ranges and show that the Vertisol relics are inherited
from the Late Quaternary. The soil parental deposited during Late Pleistocene (S1), the soils developed
during Early Holocene (S2), and the pedogenic carbonate precipitated during Mid-Holocene (S3).
The erosion event (54) was not dated but should last after S3 and thus likely during Late Holocene.
Comparing these ranges, represented by the quartiles (color bands), with other records, they also
correspond to specific past climate periods occurring in the last 20 ka (Fig. 6.3). For luminescence ages,
the results from the pIRIR»,5 signal uncorrected by anomalous fading are taken in the comparisons
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(orange band). They were found to be the most representative of the true age of the soil parent material
deposition (Appendix H; Diaz et al., 2016b).
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Figure 6.3 — Comparison of the pedo-sedimentary geosystem ages (color bands are the quartiles see Table 6.1)
with other archives. A) Location of the records. B) §180 of North Greenland Ice Core (a, NGRIP members, 2004),
dust record off Senegal Coasts (b, Collins et al., 2013), §180 of planktonic foraminifera (G. ruber) in marine core
MD03-2707 (c, Gulf of Guinea, Weldeab et al., 2007), 5180 of planktonic foraminifera (G. ruber) in Niger River
delta marine core KW31 (d, Pastouret et al., 1978); pollen influx in marine core KW31 (e, Lézine and Cazet, 2005),
Pediastrum green algae influx in marine core KW31 (f, Lézine and Cazet, 2005). FME for Forest Maximum Extension
estimated at c. 8.5 ka (Lézine and Cazet, 2005).
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6.5 Discussion

In order to give a synthesis of the climate and the environmental evolution (Fig. 6.3), the results
and interpretations of stratigraphic studies performed within the Chad Basin (Servant, 1973; Servant-
Vildary, 1978; Maley, 1980; Durand and Mathieu, 1980; Durand, 1995) were compared to a lacustrine
core from Lake Tilla, located in the Biu plateau of Nigeria (Fig. 6.3A; Salzmann et al., 2002) and to three
marine cores: (i) the MD03-2707 core (Gulf of Guinea, Weldeab et al., 2007), (ii) the KW31 core (Niger
River Delta; Pastouret et al., 1978; Lézine and Cazet, 2005), and (iii) the GeoB9508 core (Senegal coast;
Collins et al., 2013). Finally, they are also compared to oxygen isotopes of ice core located in Greenland
(NGRIP: North Greenland Ice Core Project; NGRIP members, 2004) reflecting the northern hemisphere
climatic changes (Dansgaard et al., 1969).

6.5.1 Comparison of pedo-sedimentary archives with other records

The soil parent material is a mix between a dust component and the local saprolite (Dietrich et al., 2017).
Its deposition (S1) is mainly recorded when dust influx off Senegal coasts is decreasing (Fig. 6.3b; Collins
et al., 2013) and when freshwater influx, i.e. heavier 58O values of planktonic foraminifera, in the Niger
River delta and Gulf of Guinea areas are increasing (Fig. 6.3c, 6.3d; Pastouret et al., 1978; Weldeab et al.,
2007). The decrease of dust influx can be explained by a change in the wind directions (Chase, 2009)
and/or a decrease of dust production, due to an increase of the soil moisture and vegetation cover,
protecting the sedimentary material against wind erosion (Pye and Tsoar, 1987; Snelder and Bryan,
1995). As freshwater influx in the ocean is increasing concomitantly (Fig. 6.3c, 6.3d; Pastouret et al.,
1978; Weldeab et al., 2007), the second explanation seems to prevail. Consequently, due to moisture
increase, dust is stabilized in the continent, and this event is recorded by luminescence ages of the
pedo-sedimentary geosystem from 18 ka to 12 ka (Late Pleistocene). Interestingly, these results also
correlate with other loess deposits located in the Diamare piedmont and termed “lcess of Doyang” (Fig.
6.1B, Sieffermann, 1967; Mpeck, 1994). In the Benoue valley (southern part of Far North Cameroon) and
even further in the South, in the Adamaoua piedmont (Fig. 6.3A; North Region of Cameroon), Maley
(1980) also interpreted sedimentary sequences as “leess of Doyang” analogues. Carbonate nodules were
found in these lcess and radiocarbon dating gave ages ranging from 19 ka to 7 ka cal BP (Marilac, 1973;
Maley, 1980). These resulting ages cannot precisely refer to the loess deposition event, as emphasized
in the present study (see below), but at least, they give a terminus post quem of the deposition, and this
range of ages covers the Late Pleistocene. Finally, lcess deposits were also described in Nigeria (Bennett,
1980; Mac Tainsh, 1984) and sedimentary stratigraphy interpretations led also to attribute them to
the Kanemian (26 to 14 ka cal BP) and thus the Late Pleistocene. Farther in the North within Chad
Basin, aeolian activity is recognized with the occurrence of dunes in Kanem (Servant, 1973), recently
dated between 18 ka and 15 ka (Armitage et al., 2015), i.e. Late Kanemian (21 ka to 14 ka cal BP). The
same range of ages was found for sand deposits under the diatomite located in the Bodele depression
(Armitage et al., 2015). Consequently, it can be suggested that, during the Late Pleistocene, lcess
deposits were forming in the region corresponding today to the Sudano-Sahelian zone, whereas dune
systems were forming at the time in the area covered by the present-day Sahelo-Saharian zone. The
occurrence of dust stabilization along the Sudano-Sahelian belt during the Late Pleistocene suggests
that the environmental conditions were moderately dry. This is strengthened by lacustrine record of
Lake Tilla (Fig. 6.3A; Salzmann et al., 2002), which shows fluctuating water levels between 21 ka and 14
cal kBP and organic matter 5'3C values indicating a grass savannah vegetation (Salzmann et al., 2002).
Finally, the luminescence ages suggest a decrease of the accretion rate by a factor of two around 15
ka. This change is concomitant with the beginning of the Nigero-Chadian or the AHP (c. 15-14 ka cal
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BP; Servant, 1973; deMenocal et al., 2000). This evolution in the accretion rate can thus result from a
decrease of aeolian input and/or the increase of erosion due to the onset of wetter climatic conditions.

The incorporation of organic matter in the soil is a process related to biological organic production
and soil development (S2), which are related to favourable wet climatic conditions. This event is
recorded during the L2 Nigero-Chadian (since 10 ka cal BP; Servant, 1973), corresponding to the
climatic optimum (Early Holocene). This period, marked by an important increase of precipitations
over West Africa, is linked to the northern migration of the monsoon system until latitude 31°N, mainly
from 9.5 to 7 ka cal BP (Tierney et al., 2017). The maximal extension of the forest in West Africa is
thus recognized at that time and assessed at 8.5 cal kBP (Fig. 6.3, FME; Lézine and Cazet, 2005). High
freshwater influxes are recorded off Niger River delta and in Gulf of Guinea (Fig. 6.3c, 6.3d; Weldeab
et al,, 2007; Pastouret et al., 1978), as well as low dust influx off Senegal coasts (Fig. 6.3b; Collins et
al., 2013). The pollen and green algae influx with freshwater show also high levels, meaning that the
vegetation production and the soils were well developed at this time on continent (Fig. 6.3e, 6.3f; Lézine
and Cazet, 2005). Data from Lake Tilla recorded a Sudano-Guinean tree taxa from 11.5+0.5 ka to 4+0.5
ka cal BP (Salzmann et al., 2002). Therefore, the ' Corg ages suggest that the organic matter trapped
within the carbonate nodules is inherited from this climatic optimum of West Africa occurring during
the Early Holocene.

The precipitation of carbonate nodules is mainly recorded when freshwater influx in Gulf of Guinea
and Niger River delta begin to decrease and when dust inputs off Senegal coasts are increasing again
(Fig. 6.3c, 6.3d, 6.3b, respectively; Pastouret et al., 1978; Weldeab et al., 2007; Collins et al., 2013) around
6 ka cal BP. In lake Tilla, Salzmann et al. (2002) noted a shift from a wet Sudano-Guinean savannah to a
drier Sudano-Guinean savannah around 8+1 cal kBP. Maley (1980) and Servant (1973) suggested major
rainfall changes within the Chad Basin at this period as well. Interestingly, this period around 8.5-8 ka
cal BP coincides with the global 8.2 ka cal BP cooling event, characterized by an oxygen anomaly in the
NGRIP (Fig. 6.3a; NGRIP members, 2004). This event, half of the amplitude of the YD (Alley et al., 1997),
is generally correlated to drier conditions in tropical regions related to monsoon system dynamics
(Alley and Agustsdottir, 2005; Rholing and Pélike, 2005). Indeed, Tierney et al. (2017) highlighted a
pause in the Green Sahara event around 8 ka cal BP. The decrease of the forest extension is followed
by a drop of Pediastrum green algae at 7.1 ka cal BP (Fig. 6.3f; Lézine and Cazet, 2005), reflecting the
decrease of highly productive and eutrophic water system, fed by rivers flowing through rich organic
soils. Ecosystems on the continent are thus changing and this is marked by the precipitation and/or
the preservation of pedogenic carbonate nodules. The *C; 0, ¢ ages along the soil profile are close to
one another, which can be explained by some dissolution-recrystallization processes (Williams and
Polach, 1971) However, three different aliquots from one nodule were dated and resulting ages are very
close (6.59 ka cal BP, 6.56 ka cal BP and 6.54 ka cal BP), pointing to a possible fairly short period of time
(c. 2 ka) conducive to carbonate nodule precipitation. When grouping all WU or ¢ ages (Table 6.1), the
carbonate nodules mainly precipitated from 7 ka to 5 cal kBB, with a main period of formation from 7
to 6 ka cal BP. It seems thus that the carbonate nodule event is linked to a global environmental shift
toward drier conditions.

The erosion event (S4), whose intensity remains also unknown, is not dated but must have occurred
after the precipitation of carbonate nodules and thus during Late Holocene. This is consistent with the
hypothesis that erosion might have increased following a decrease of the vegetation cover (Diaz et al.,
2016a). After 4+0.5 ka, the conditions shifted definitively toward drier conditions and the vegetation
reconstruction in Lake Tilla showed an open Sudanian savannah with woody taxa from the Sahelian
zone (Salzmann et al., 2002). This shift characterized by a vegetation from more open landscapes, is
recorded in many places in Africa but not synchronously and is rather site dependant. Nevertheless,
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Figure 6.4 — A) Sea Surface Salinity reconstruction in the Gulf of Guinea estimated by Ba/Ca and & 18 of planktonic
foraminifera (G. ruber) (marine core MD03-2707, Weldeab et al., 2007) linked to freshwater influx in the ocean. B)
Kernel density estimation of the multi-dating ages and associated process registered corresponding likely to an
optimal soil water balance. The color bands represent the age data between quartiles 0.25 and 0.75, the dashed
lines are the median (i.e. 0.5 quartile).

when grouping all studies, a shifting peak is recorded between 3 and 2 ka BP (Lézine and Cazet, 2005).
At 5.5 ka cal BB, inputs of Pediastrum green algae disappeared and modern conditions of the Niger River
took place around 3.5 ka BP (Lézine and Cazet, 2005). The decrease of the vegetation cover could thus
be triggered by the onset of drier climate conditions. However, the role of anthropic activities should
not be excluded. Indeed, archaeological studies in the sub-Saharian area of West Africa show the first
traces of pearl millet domestication c. 3 ka BP (Manning et al., 2011). The oldest traces of metallurgy
in the Diamare are c. 2 ka BP (Delneuf, 1998). These activities could cause important deforestation.
Recently, a study in Lake Barombi Mbo (Southern Cameroon) showed that the abrupt retreat of the
humid tropical forest c. 3 ka BB, i.e. the forest crisis (Ngomanda, 2009), could be due to anthropic
activities (Garcin et al., in prep). Consequently, the erosion event (or events) is likely due to the decrease
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of the vegetation cover, however the causes for this retreat can either be climatic, anthropic or both.
But the timing of this event suggests that anthropic activities in the region could have had a significant
role.

6.5.2 The nature of pedo-sedimentary geosystem archives

Each type of palaeo-environmental archive responds differently to an environmental change. The
results of this study show that the dating of the different compounds of the pedo-sedimentary sequence
allow to distinct and date different pedo-sedimentary processes in a continuum through time. It
is suggested that the obtained time ranges are related to optimal environmental conditions for the
registering of each process. The highest age density is thus not related to a strict time range for the
occurrence of the process, but to the highest probability to record it. The process can occur before
and/or after the time range but it may not be preserved and thus cannot be registered. Processes like
erosion, organic matter consumption and carbonate dissolution may have affected the record of S1,
S2 and S3, respectively. The question now is related to which one of the parameters was driving the
record efficiency. Using the Kernel Density Estimation (KDE) to illustrate age densities for each process
(Fig. 6.4), the highest probability density is well related to the records of the sea surface salinity and
5180 of planktonic foraminifera reconstructions in the Gulf of Guinea (Weldeab et al., 2007). These
two parameters represent the freshwater influx in the ocean and are thus proxies of the hydrology at
the continent surface. Many soil and sedimentary processes are related to water, such as weathering,
particle mobilisation and transfers, and/or secondary mineral formation (e.g. Lin, 2010). The soil water
balance (e.g. Farmer et al., 2003) is characterized by water inputs (rainfalls, soil retention capacity,
soil percolation, etc.) and water outputs (evaporation, transpiration, runoff, etc.). If the climatic
parameters, e.g. rainfall or temperature, are determinant to explain the soil water balance, the soil
characteristics, e.g. grain-size distributions or soil structure, play also an important role. Here it is
suggested that the dominance of a process is linked to an optimal soil water balance for its occurrence
and its preservation. The shift from the dominance of soil parent material deposition process, toward
soil organic matter integration process, toward pedogenic carbonate precipitation and/or preservation
process and toward erosion process, are thus proxies of soil water balance changes through time.

6.5.3 Occurrence at the Western African scale

The data set obtained in this study demonstrated that using multi-component dating, it was possible to
assess the occurrence of a four pedo-sedimentary events continuum through time. They are suggested
to be proxies of different soil water balance conditions. However, such a geosystem has always a local
significance, and thus, is not necessarily relevant for regional palaeo-environmental reconstructions.
Nevertheless, satellite image observations with Google Earth and field work in four of these areas,
suggest that this type of carbonate pedo-sedimentary geosystem is present all along the Sudano-
Sahelian belt (Fig. 6.5). Mima-like mound areas seem to be observable from Senegal coasts to Sudan.
More investigation should be conducted in these areas but the first e norg ages of carbonate nodules
collected in four different areas (Fig. 6.5, yellow) gave ages in the same range than those from this study.
The carbonate pedo-sedimentary geosystem may thus be much more informative than expected and
thus of major importance for continental palaeo-environmental reconstructions of semi-arid areas at
the African scale.
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Figure 6.5 — Mima-like mound areas seem to be observable all along the Sudano-Sahelian belt (white stars, with
four examples). Some areas were observed in the field (yellow stars) and inorganic radiocarbon ages of nodules
collected in those sites are in the same order of magnitude than samples from the Far North Cameroon (red,
average +10).

6.6 Conclusion

Vertisol relics observed in Far North Cameroon can be seen as carbonate pedo-sedimentary sequences.
It was suggested that they were formed by a four-step event succession. The multi-dating of the pedo-
sedimentary sequence components showed that they occurred in the last 20 ka and that they are related
to climate change. The soil parent material deposited (S1) during the Late Pleistocene between 18
and 12 ka BP. This period is marked by a generalized dust stabilization along the present-day Sudano-
Sahelian belt suggesting moderately dry environmental conditions on the continent favourable for dust
stabilization. The soil organic matter conserved in the pedo-sedimentary geosystem has ages ranging
from 10 to 8 ka cal BP. It is thus inherited from the climatic optimum in the Early Holocene. During
this period, the latitudinal vegetation extension is at its maximum and soils are developing in the
continent (S2). The carbonate nodule precipitation (S3) is recorded mainly during the mid-Holocene,
from 7 to 5 ka cal BP. This period is marked by the onset of drier environmental conditions. Finally,
the erosion event (S4) occurred at some point during the Late Holocene and seems to be related to
the decrease of the vegetation cover triggered by drier climatic conditions and/or anthropic activity in
the region. The carbonate pedo-sedimentary geosystem studied in Far North Cameroon is a valuable
palaeo-environmental archive recording distinct pedo-sedimentary processes linked to the evolution
of continental hydrological conditions. They are suggested to be a proxy of the soil water balance,
which changes through time in response to climate. This kind of geosystem might be extended all
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along the Sudano-Sahelian belt making it promising for future palaeo-environmental reconstructions
in this semi-arid area of West Africa.
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Terrestrial carbonate nodules from the Diamare piedmont (Far North Cameroon, Chad Basin) are
associated with soils having mound morphologies observed within stream networks. These Ca-rich
terrestrial carbonates are paradoxically occurring in Ca-poor granitic watersheds. In the present-day,
they are in sedimentary disequilibrium and are dismantling, emphasizing their past heritage nature.
The aim of this work was to understand the origin of these formations and more precisely to identify
(i) their nature, i.e. by answering what can be these types of formations and in under what geomor-
phological and sedimentary conditions they developed? (ii) by answering through which processes
they formed and how the palaeoenvironment evolved, and finally, (iii) their chronology, i.e. by answer-
ing what are the different steps of their formation and when did they occur? Linking sedimentology,
pedology, geomorphology, geochronology and geochemistry, it was possible to recognize the nature of
the geosystem hosting these terrestrial carbonates, and to propose a chronological framework of the
palaeoenvironment and their associated processes.

In the present-day landscape, carbonate nodules are associated with clay-rich, smectitic-rich, and
Fe — Mn-rich soils. These soils can have mound morphologies, termed mima-like mounds due to
their regular overdispersion within stream networks (Diaz et al., 2016a). These mima-like mound areas
were shown to be widespread in the whole Diamare piedmont. The mounds can also be flattened, have
whaleback morphologies, or be buried under a reddish pediment, identified as a fersiallitic pedolith, i.e.
areworked soil sediment. These different geomorphic features emphasize the role of erosion in their
genesis. Carbonate nodules are found as a layer at the soil surface, and within the soil matrix at different
depths. Sparse vegetation is associated with these soils due to their high compaction and alkaline pH
(8 < pHp20 < 10). Soil scientists defined these soils as degraded Planosols (Brabant and Gavaud, 1985).
The degraded nature is locally termed hardé and suggests that, in the past, the soils were not degraded
and possibly different. The present-day soil properties were shown to be close to vertic characteristics,
i.e. clay-rich, smectitic-rich, with Fe — Mn and carbonate nodule occurrences, slickenside structure,
and vertical crack developments. However, as already stated, the soils are qualified as Planosols and
not Vertisols, because they lack of the needed horizon sequence to be defined as such (Coulombe et al.,
1996a). The main argument is the occurrence of carbonate nodules and Fe — Mn micro-nodules at the
soil surface, whereas in Vertisols they should occur in deep horizons. The idea, as a consequence, is
that, in the past, present-day hardé Planosols were Vertisols and these Vertisols were, at some point,
affected by erosion processes. Therefore, the mima-like mounds can be seen as Vertisol relics. To
explain this specific morphology, it was proposed that, during a period favourable to their formation, a
gilgai micro-relief, characterized by micro-lows and micro-highs (Mermut et al., 1996), was associated
with Vertisol genesis. The increase of erosion would have emphasized this micro-relief, leading to
mima-like mound formations of various amplitudes depending on the erosion intensity, and bringing
at the surface carbonate and Fe — Mn nodules originally formed deeper in the profile. Vertisol genesis
and former erosion are thus linked to environmental changes and can be related to the Bio-Rhexistasy
theory, i.e. the succession of stable and unstable environmental periods, developed by Erhart (1967). In
the present-day, Vertisols are still developing but in the lower parts of the landscape, i.e. in waterlogged
areas. It was thus proposed that these waterlogged areas could have been more extended in the past,
and with them, the associated Vertisols.

Interestingly, the climate in Far North Cameroon would have been wetter during the African Humid
Period (AHP, 14.8 to 5.5 ka; deMenocal et al., 2000), due to the northern migration of the African
monsoon system (Tierney et al., 2017), and waterlogged areas would have been much more widespread
(Lézine et al., 2011). Moreover, the end of the AHP is characterized by drier conditions, due to the
southern migration of the African monsoon, these conditions becoming more intense until the present-
day. Vertisol genesis and associated gilgai micro-relief, carbonate nodules, and Fe-Mn micro-nodules
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were thus proposed to be inherited from the AHP. Nodules concentrated at the surface when the soil
matrix have been eroded during the post-AHP period. In addition, the fersiallitic soils were likely also
formed during the AHP but at higher elevations of the landscape, where weathering (hydrolysis) was
more intense. These soils were then affected by erosion as well, explaining why, in the present-day, they
can overlay and bury the mima-like mounds, and consequently, termed fersiallitic pedoliths. Finally,
grain size distributions demonstrated the presence of an aeolian component in the mima-like mounds.
Before the AHP, the climatic conditions would have been favourable to aeolian stabilization. It was thus
concluded that mima-like mounds from the Diamare piedmont could be sedimentary records of Late
Quaternary climatic changes that occurred in the Southern part of Chad Basin.

Mima-like mound from Far North Cameroon resulted from a four-steps events succession: S1) the
soil parent material deposition during a drier period, S2) the soil formation and later S3) pedogenic
carbonate nodules and gilgai micro-relief formation, occurring during a wetter period, and finally, S4)
the erosion. Mima-like mounds thus evolved as pedo-sedimentary geosystems. However, the processes
explaining the way they formed is still missing. Parallel to this work, a second study has been devoted
to the geochemistry of terrestrial carbonates, more precisely on the origin and dynamics of calcium
(Ca). This research demonstrated that the Ca sources for pedogenic carbonate nodules were mainly
plagioclases from the granitic bedrock (Dietrich et al., 2017). However, this bedrock is Ca-poor (1.65 wt-
%) and the carbonate nodules are Ca-rich (45 wt-%). To explain this paradox, it was proposed that the
Ca should have been preserved and accumulated in the surrounding environment. Two possible pools
able to significantly trap Ca could have been smectitic clay minerals and organic matter (Dietrich et al.,
in prep). Nonetheless, an important issue is still pending: carbonate nodules are mainly composed
of calcite, and this mineral needs alkaline conditions to precipitate, i.e. soil pH = 8.4 in surficial
settings. As rare earth elements demonstrated that carbonate nodules precipitated in oxic conditions,
how did pH rise in such conditions? The petrology of carbonate nodules emphasized a pedogenic
environment affected by water-table fluctuations, which strengthens the Vertisol genesis hypothesis.
However, Fe — Mn oxides were mainly formed before carbonate nodules, as they are trapped within
them. If both minerals can occur in oxic conditions, the p H for their occurrence is different (Krumbein
and Garrels, 1952; Ashley et al., 2013, Appendix D). Consequently, at some point, the soil p H varied
toward alkaline conditions, leading to the transition from an environment favourable to Fe— Mn oxides
to an environment favourable to calcitic carbonate nodules. Carbonate nodules were found to trap
calcium oxalate as small needles in the micro-porosity. Processes leading to its presence are unclear
(trapping, diagenesis?). Nevertheless, its solely presence suggests that calcium oxalate and/or oxalic
acid were present in the environment. Interestingly, a large panel of vegetation and fungi produces
oxalate (Franceschi and Nakata, 2005; Gadd et al., 2014). Stable C and O isotopes on carbonate nodules
suggested the presence of an open forest dominated by C3 plants. However, with time they suggest
that ecosystems changed and these changed are marked by an increase of C4 plants proportion and
drier hydric conditions within the soil. Is dryness involved in p H increase? Oxalate could likely have
been produced within the forest ecosystem. It is also a nutrient for oxalotrophic bacteria (Martin et
al,, 2012). It was demonstrated that the oxidation of oxalate by bacteria induced the alkalinisation of
soil conditions, and led to secondary carbonate formation (Verrecchia et al., 2006). This process is
known as the Oxalate-Carbonate Pathway (OCP). The convergence of the need for alkalinity and the
presence of both oxalate and carbonate nodules points to the hypothesis that, drier conditions led
some decrease of the forest (or change in its structure), liberating oxalate inside the soil, activating
and/or accelerating the OCP. This chain of events would have induced an increase in p H (kinetic?) and
the precipitation of calcitic nodules, as soon as favourable conditions were reached. Moreover, drier
conditions also mean that carbonate nodules are preserved. Stable C isotopic compositions showed
that C originates from soil organic matter and Ca was also proposed to be stocked in organic matter (as
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calcium oxalate as well?). Consequently, it is likely that C and the Ca were transferred from an organic
pool to an inorganic pool, i.e. carbonate nodules. Obviously, at some point, the system had to end
because the organic pool is disappearing, while it is transformed into the inorganic pool. This concept
can also be applied to aluminium, magnesium, iron and manganese, which were recycled into smectite
and oxides. The soil parent material was showed to be a mixed between an aeolian dust componant and
local saprolite. Dust stabilization implied moderately dry conditions to explain dust production and
stabilization (=400 mm/yr, Mc Tanish, 1984). These climatic conditions are alos favourable for smectite
formation in a granitic watershed (Barshad, 1966; Appendix E). Consequently, smectite would have
been stable during S1, S2 and S3 formation steps, due to moderately dry conditions (S1), to waterlogged
conditions (S2 and S3), also found to be favourable for plagioclases hydrolysis into montmorillonite
(Meilhac and Tardy, 1970). Consequently, the elements never left, or only very partially, the system.
Finally, it is not clear if the last erosion event (or several of them?) is linked to climatic pejoration
and/or anthropic activities. However, the step has definitely fossilized the geosystem, leading to the
present-day mima-like mound landscape. Finally, a question remains: is such a geosystem evolution
extendable to the West Africa? Nodules from this large area were also investigated and results show
similar petrographic and geochemical characteristics than the nodules from Cameroon, strengthening
the hypothesis of a genetic relationship and an extension of the processes at the African scale.

This reconstruction of the palaeoenvironment is based on a relative chronology of events and not
of absolute numerical ages. By combining luminescence and radiocarbon dating, it was possible
to constrain the four-steps succession through time (Diaz et al., 2016b; Diaz et al., in prep). The
numerical age results well integrate in the Chad Basin regional, and even in the global West African,
palaeo-climatic context, and confirmed that pedo-sedimentary processes forming Vertisol relics are
inherited from Late Quaternary. The soil parent material deposited from 18 ka to 12 ka (S1). The
dates were obtained with optically stimulated luminescence (OSL) on K-feldspars trapped within the
carbonate nodules. This period of deposition corresponds to Late Kanemian (21 to 12 ka cal BB, Servant,
1973), which was demonstrated to be favourable to aeolian stabilization, and thus, moderately dry
(precipitations =400 mm/yr). It seems that aeolian stabilization was not only occurring in the Diamare
piedmont at that time, but was also extended to the present-day Sudano-Sahelian zone with aeolian
deposits observed in Nigeria (Bennett, 1980; Mc Tainsh, 1984), in the southern part of the Diamare
piedmont (Marliac, 1973; Maley, 1981) and more in the South of Cameroon near the Adamaoua region
(Maley, 1981). More northward, in the region of present-day Lake Chad and in the Bodele Depression,
dune systems were stabilized at the same period (Armitage et al., 2015), suggesting precipitations = 150
mm/yr (in Durand, 1995). The major impact of vegetation and life on the pedogenesis was showed
to occur between 11.5 to 8 ka cal BP, dates obtained using radiocarbon dating of the organic matter
trapped within the carbonate nodules. Since the climatic optimum (Early Holocene), at 11.5 ka cal BB,
the conditions became wetter and the vegetation migrated to the North (at the central and northern
African scale), with a maximal extension around 8.5 ka cal BP (Lézine and Cazet, 2005). During this
period, soils are actively developing and, in the Diamare piedmont, waterlogged areas likely extended
leading to more widespread Vertisol areas than in the present-day. In this context, the soil systems
and potentially the organic pool, showed to be an open forest with C3 plant dominance, can stock the
elements such as Ca and C. Moreover, it is highly possible that this ecosystem is producing oxalate. The
carbonate nodule precipitation would have occurred between 7 and 5 ka cal BP, a timespan obtained
with radiocarbon dating of the inorganic phase of carbonate nodules. Interestingly, by grouping
radiocarbon dating ages (n=53) of the carbonate nodules measured on various sites in the Diamare
and those found in studies conducted in the region (North Cameroon, Chad, Niger), it can be shown
that carbonate nodules were mainly precipitating between 7 and 5 ka cal BP (50%). Stable C and
O isotopes on the carbonate phase showed vegetation and hydrological changes, suggesting a shift
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toward drier conditions at the time of pedogenic carbonate nodules formation. Since c. 8 v, different
palaeo-climatic and sedimentary archives demonstrated that the climate was becoming drier and
the vegetation was retreating Southward, evolving from a wet Sudano-Sahelian savannah to a dry
Sudano-Sahelian savannah (Salzmann et al., 2002). This event could possibly be linked to a global
cooling observed in the northern hemisphere, known as the 8.2 ka anomaly (Alley et al., 1997). It
seems that there was a sort of a “carbonate nodule event” that corresponded to a shift toward drier
conditions, this peak agreeing with the period just before the end of the AHP at the African scale (c. 5.5
ka, deMenocal et al., 2000). Finally 4) the erosion (in several phases?) of the inherited AHP landscape,
leading to its fossilization, is not precisely dated, but probably occurred after the formation of the
last carbonate nodules, thus after 5-4 ka cal BP. Salzmann et al. (2002) indeed demonstrated that the
conditions shifted definitely toward drier conditions at 4 ka cal BP. However, is the erosion event linked
solely to climatic parameters or is it also linked to anthropic activities, that were showed to be present
around 3 ka?

The pedogenic carbonate nodules were thus used as time archives to constrain the relative chronology
of mima-like mound formation. The idea is that these events, i.e. the soil parent material deposition,
pedogenesis, carbonate nodule formation, and final erosion, point to a succession of sedimentary and
pedogenic processes through time. This specific geosystem can be seen as a true pedo-sedimentary
continuum. The succession of events is related to specific soil water balance conditions, in turn related
to climate variations due to the ITCZ shift in the West Africa during the Late Quaternary. This history
might be extended to the whole West Africa, as areas displaying mima-like mounds were detected
with Google Earth images all along the Sudano-Sahelian belt. Carbonate nodules were observed
and collected in four of these localities, in Mali, northern and southern Burkina Faso, and Niger.
Radiocarbon dating of the carbonate phase resulted in the same range of ages than those from Far
North Cameroon, i.e. between 5 ka and 3 ka cal BP. It was already proposed that these formations were
genetically related and now results suggest that the timing would also concord.

Terrestrial carbonate nodules from Far North Cameroon were showed to be pedogenic and related to
past Vertisol genesis, within areas affected by water-table fluctuations. The genesis of these formations
began at least 18 ka years ago and led to a chronology of four main events, all related to soil water
balance changes due to the migrations of the ITCZ. The trigger for the precipitation of carbonate
nodules was the shift toward drier conditions, leading to a forest retreat/clearance and the decrease of
the water-table fluctuation frequency. The increase of organic matter, probably oxalate-rich, input to
the soil triggered the OCP. The increase of soil p H related to the oxidation of this organic component
led to the precipitation of secondary calcitic nodules. The observation of similar features along the
Sudano-Sahelian belt raises the question of a potential extension of this particular geosystem at the
West African scale. Oxalogenic vegetation and oxalotrophic bacteria are ubiquitous, so their occurrence
in the whole continent is perfectly plausible.

These conclusions fit well with the whole palaeoclimatic reconstructions at the West African scale,
although they bring questions concerning the hypothesis of the occurrence of a Mega-Lake Chad. This
350’000 km? lake would have last occurred during a 5.3 to 4.4 cal kBP timespan and is interpreted
as the result of Mid-Holocene wetter conditions (Gasse, 2000; Schuster et al., 2005; Sepulchre et al.,
2008). However, it was showed that hydric conditions were already becoming drier since c. 8 ka cal
BP in the southern part of the Basin (Far North Cameroon), which is in agreement with other proxies
at the African scale. It seems thus that there is a disagreement between climatic conditions in the
Chad Basin at the time of the occurrence of a Mega-Lake. However, it is important to keep in mind
that a lake is an hydrological system. It is linked to climate but not solely. Gap could exist between
the responses of a climatic system and an hydrological system to a change. For example, the inertia
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effect implies that a water-table responds slowly than climate (Durand and Lang, 1986). Lake Chad
is an interesting hydrological system as it is mainly fed by the Chari-Logone rivers coming from the
humid tropics (Sudano-Guinean belt). Consequenty, even if the Chad Basin region is becoming drier,
waters are still coming from the southern wetter latitudes. However, assuming that the system was the
same during Mid-Holocene, since c. 8 ka cal BP climatic conditions in the Chad Basin are becoming
drier, implying more evapotranspiration and less rainfall, thus less water for Lake Chad. Intuitively, a
Mega-Lake should thus occur before 8 ka cal BP. Could there be another explanation for an occurrence
after 8 ka cal BP? There might be a hydrological answer. As just said, the main rivers fedding Lake
Chad are the Chari and the Logone. However, the Logone would not have always been the tributary of
the Chari and would have been captured by the Mayo Kebi during the Pleistocene (in Durand et al.,
2011). Its present-day flow would have been definitive around 4.5 ka cal BB, the same period of the
last Mega-Lake Chad occurrence. Indeed, its waters represent 40% of inputs in the lake (Gac, 1980), so
adding this amount should not be neglected. Could this hydrological event be sufficient to explain the
paradox of a Mega-lake occurring when climate is becoming drier?

The monsoon system is global and affects both tropical hemispheres. Vertisols are mainly found in the
tropical zones (Southard, 2011); is it therefore possible that they were extended in the whole tropical
belt during the past? Carbonate nodules were observed and studied in India (Violette et al., 2010) and
in North America (Nordt and Driese, 2010), were they also related to the same type of geosystem? There
is always a thought that pedogenic carbonates are related to dry conditions (e.g. Durand et al., 2007;
Violette et al., 2010; Zamanian et al., 2016). It is true that they are mainly found in arid and semi-arid
areas (USDA-NRCS, 2000), but is this occurrence really related to genetic reasons? Could not it be an
occurrence related to a specific type of preservation for such carbonate? Are these areas particular
places where a past organic carbon has been converted into an inorganic carbon after a climatic shift
and possibly through an alkalinization of the environment by the OCP? As already stated, oxalate and
oxalogenic bacteria are ubiquitous, they can certainly be found along the whole tropics. Maybe the OCP
is more widespread than thought and could be massively involved in terrestrial carbonate formation as
its alkaline engine.

Nevertheless, palaecoenvironmental archives are sparse within the semi-arid tropics in both hemi-
spheres (Chase, 2009; Duller, 2016) due to lack of sedimentary preservation (i.e. few organic matter,
erosion inducing hiatus). However, understand past changes in those regions is important as they are
very sensitive (Pastouret et al., 1978). The study of terrestrial carbonates associated to pedo-sedimentary
geosystems might help to fill the gap as they were showed to be valuable palaeoenvironmental archives,
registering processes and their evolution through time.
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General conclusion and perspectives
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The aim of this research was to give new clues on the origin of the terrestrial carbonate formation
from Far North Cameroon. A study site located along the Mayo Tsanaga in the Diamare piedmont was
investigated. Parallel to this work, another PhD study was dedicated to the geochemistry of terrestrial
carbonate formations. Crossing the conclustions, it was possible to propose hypotheses concerning
the nature of terrestrial carbonate formations, the processes and the palaeoenvironment of formation,
and the timing for their genesis.

Terrestrial carbonates formations were found to be Vertisol relics resulting form succession of pedo-
sedimentary processes linked to the monsoon system variation during Late Pleistocene-Holocene.
Vertisol relics registered palaeoenvironmental events, such as: 1) the deposition of the soil parent
material being a mixed between dust and local regolith, 2) the pedogenesis linked to forested wetlands,
3) the precipitation of carbonate nodules related to alkalinization and dryness of the soil environment,
and 4) the erosion of the system due to climate and/or anthropic activities. These phases were dated
and could be correlated to regional and African palaeoclimatic context. The deposition occurred since
18 to 12 ka, during a moderately dry period corresponding to Late Kanemian and Nigero-Chadian
L1. The forested wetlands to which Vertisol genesis is associated occurred mainly during the climatic
optimum, between 11 and 8 ka cal BP. The carbonate nodule genesis were found to be linked to a
shift of climatic conditions leading to vegetation and hydrological changes, since 8 ka cal BP. Finally,
the erosion events should occur after nodule formation, since 5-4 ka cal BP. The processes recorded
are thus not overlapping and correspond to climatic variations, the geosystem responding through
succession of pedo-sedimentary processes. It was demonstrated that the elements were transferred
from one compartment to another according to these pedo-sedimentary processes. Living forms were
showed to have an important role in the accumulation of elements and soil chemical changes.

If the whole geosystem is generally well understood, the processes leading to the formation of pedogenic
carbonate as nodules are still unclear. The nodular form is the most common pedogenic carbonate
morphology found in soils. However, the reasons and processes explaining this ubiquitous morphology
are still unclear (Zamanian et al., 2016). Why is secondary carbonate precipitating as a nodule? Answer
this question is not simple and beyond the scope of this present work. However, the occurrence of this
particular morphology is not hazardous and should be related to palaeoenvironmental conditions. The
hardness of carbonate nodules is often interpreted as the result of diagenesis, the original carbonate
being rather soft (e.g. Kovda et a., 2003; Zhou and Chafetz, 2009). Seeing hard nodules as advanced stage
of evolution, Zhou and Chafetz, (2009) proposed that diagenesis was probably related to palustrine
environments with water-table fluctuations. Even if this is not a generality, nodular carbonate horizons
are frequently described in sedimentary facies attributed to palustrine environments, being affected by
pedogenesis when the environment is exposed to sub-aerial conditions (Freytet and Verrecchia, 2002;
Alonso-Zarsa, 2003; Verrecchia 2002). Even if clear reasons explaining the nodular morphology are
never really handled, it seems that there is a link between nodular morphologies and areas frequently
waterlogged, and thus affected by pedogenesis when conditions are drained. The precipitation of
secondary carbonate appears thus to be linked to soil hydric changes. Is the precipitation related
to simple evaporation processes linked to the water-table fluctuation? In this case, the secondary
carbonate should rather have laminar morphology, or at least being continuously, i.e. homogeneously,
precipitated? Concentric morphologies suggest that the nodules grow from a central point to the
outside. Each nodule represents thus a point favourable for calcite nucleation, which thus emphasizes
rather a heterogeneous environment. As this environment is a soil, are these nucleation points related
to living forms, such as bacterial hot spots and/or root systems? Pias (1968) described hydromorphic
soils in Chad Basin, in the Chari-Logone region, and showed that secondary carbonate nodules were
associated to these soils. This is interesting in two aspects. First, there is a similar context in the
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present-day, corresponding to the palaeoenvironment reconstructed. Second, the aim of this work
was not to explain the occurrence of these nodules, however, the author noted the strangeness of their
presence. He reported his colleague suggestion (H. Erhart) proposing that the carbonate nodules were
probably linked to root systems. However, this topic was never deeper investigated and in further
studies in the region, the carbonate nodules were just reported and described by soil scientists and/or
geomorphologists (Brabant and Gavaud, 1985; Morin, 2000) or used as chronometers by Quaternary
scientists (Hervieu, 1967; Marillac, 1973; Maley, 1981). Nevertheless, already at that time, biota was
suspected to play a role in nodule genesis. Looking at a greater scale, carbonate precipitates mainly as
micritic phases and fibrous calcite. Both types of crystals suggest a thermodynamic disequilibrium. Is it
induced by life? It is well known that life changes its surrounding environment due to various chemical
excretions, such as root acids, hydrated extracellular polymeric substances (EPS) biofilms, etc., and thus
influencing the kinetic of chemical reactions (Sposito, 1994). To form micrite, Pouguet and Rambaud
(1980) showed that the solution should be supersaturated in CaCOs to induce fast precipitation from
numerous nucleous. Furthermore, Loisy et al. (1999) showed that micrite can be related to organic
matter and they demonstrated that the role of bacteria in pedogenic carbonate precipitation should
not be neglected. Looking at another environment, micrite cements in stromatolite are related to
cyanobacteria. It was demonstrated that micrite formed via dead cyanobacteria calcifications and/or
precipitated directly on cyanobacteria filaments by bacterial mediation (Chafetz and Buczynski, 1992).
Moreover, in mats, exopolysaccharides are known to fix high amounts of Ca and Mg, which are
released during degradation and leading to CaCOs precipitation (Kazmierczak et al., 2015). Clearly
the context in Far North Cameroon is very different (i.e terrestrial and not marine), however, these
examples show the important involvement of microorganisms in secondary carbonate precipitation
during OM degradation. The main component of a soil after the mineral fraction is organic matter
(OM). Its composition is complex but it is a source of nutrient for soil microorganisms. Bacteria
communities live in EPS biofilms, which represent the dominant reduced-carbon fraction in soils
(Flemming and Wingender, 2010). These highly hydrated EPS developing physic-chemical gradients
are similar microenvironments to microbial mats, and could likely be involved in the soil micritic
cementation, such as mats are in stromatolite ecosystems. Are the carbonate nodules the expression of
the degradation of pedogenic EPS biofilms, which are, after having liberated cations, further calcified?
Finally, Aassoumi et al., (1992) worked on pedogenic carbonate nodules and suggested that cone-in-
cone structures (similar to Fc cement) were linked to specific root-bacteria systems. Calcified roots and
fine needles (fungal filaments? Appendix C) were observed at the carbonate nodule-soil interface. Are
these structures also relics of the palaeo-environment? Are they more recent? This is hard to answer
these questions, nevertheless it seems that roots, fungi and bacteria have a role in secondary carbonate
nodule precipitation, potentially in both the nodular morphology (hot spots, root systems) and cement
facies. The questions are related to the precise role of all these actors in carbonate nodule precipitation
and the answers could lead to the elaboration of a model, which is lacking.

Finally, the question on the smectitic clay formation is still pending. The great thickness accumulated
in the Diamare piedmont already intrigated soil scientists and geomorphologists working in this region
(Morin, 2000). They proposed an aeolian, palustrine or lacustrine origin. Are these clay minerals
authigenous? The question remains open as the mineral fraction was not studied in details. However,
it was demonstrated that the climatic conditions were favourable for their genesis since 26 ka cal BP,
due to low mean annual precipitation (Durand, 1995) favourable for smectite formation (Annexe F),
and then to waterlogged environmental settings, also favourable for smectite formation and stability
(Aoudjit et al., 1995). This long time period favourable for smectite could thus explain its accumulation
in the watershed. However, more work is definitely needed on this topic.
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Table A.1 — GPS data of the mima-like mound areas observed with Google Earth.

A Mima-like mounds GPS locations

Region Latitude Longitude Altitude (m)
Nigeria 11°6’38.99"N 13°51°6.42"E 428
11°9’49.98"N 13°52’23.70"E 399
11°12’52.48"N  13°53’10.66"E 377
Mora 11°8'19.22"N 13°56'50.21"E 381
11°2’56.33"N 13°54'36.73"E 426
10°54’35.33"N  13°51'56.61"E 494
10°54’54.24"N  13°56'41.31"E 473
10°56’27.72"N  13°57’57.36"E 459
10°58’45.44"N  13°57°19.21"E 435
10°59’45.84"N  13°57°10.38"E 428
11°1'7.41"N 13°59'29.10"E 418
11°2’17.55"N 13°59’59.59"E 410
11°7'1.09"N 14°2'59.79"E 372
11°3'4.58"N 14°11'26.62"E 388
11°3’50.53"N 14°12’8.60"E 377
11°10’8.99"N 14°15’43.26"E 319
11°1'57.80"N 14°17'56.74"E 353
11°0’35.32"N 14°18'19.24"E 358
10°59'8.59"N 14°18'16.32"E 364
Tchéré 10°52’18.25"N  14°25’17.36"E 353
10°51’4.09"N 14°21'18.72"E 369
10°46’17.97"N  14°22’43.04"E 377
10°46’42.53"N 14°16'4.87"E 412
10°44’14.15"N  14°16’'17.89"E 421
10°43’5.97"N 14°16'8.35"E 428
Maroua 10°40’24.75"N 14°12°0.16"E 480
10°37°19.54"N 14°11'9.64"E 451
10°36'39.65"N  14°11'10.83"E 445
10°34’53.51"N 14°12’6.72"E 431
10°34’27.01"N  14°13’45.57"E 426
10°34’39.92"N  14°14’47.14"E 418
10°34’58.27"N  14°16’'10.83"E 416
10°40’36.29"N  14°26’34.23"E 369

135
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10°47°18.79"N 14°35’1.73"E 340
10°49’22.72"N 1°37°2.50"E 335
Salak 10°28’39.03"N 14°9’38.27"E 452
10°27°11.71"N 14°11°23.62"E 441
10°27’5.84"N 14°12’55.59"E 433
10°25’35.74"N  14°12’41.66"E 430
10°26’5.76"N 14°16’11.68"E 420
10°24°27.83"N 14°16’31.59"E 422
10°30’38.72"N  14°25’50.87"E 382
10°29'14.52"N  14°27°25.34"E 393
10°23’31.55"N 14°30°20.99"E 395
10°18’38.07"N 14°24’36.21"E 416
Kaele 10°9’59.83"N 14°2’38.61"E 409
10°13’40.83"N 14°37’7.45"E 402
10°6’18.77"N 14°38’13.75"E 402
10°1’32.69"N 14°40’56.42"E 377
Yagoua 10°7°42.48"N 15°12’4.83"E 327
N’Djamena 11°44°25.06"N 15°3’3.32"E 302
11°47°26.53"N 15°3’47.50"E 298
11°53’54.53"N 15°1’21.58"E 301
12°14’14.66"N 15°2’52.21"E 296
Senegal 15°56’5.98"N 14° 7°40.54"0 63
Senegal 14°55’32.58"N  13°27’58.53"0 44
Senegal 14°48’49.06"N  12°33’42.65"0 63
Mauritania 15°42’51.04"N 11°5’18.78"0 259
Mali 15° 0'14.63"N 11°43’2.03"0 77
Mali 14° 3’34.73"N 7° 6’36.10"0 290
Mali 13° 7’1.88"N 5°36’51.25"0 282
Mali 15°35’32.46"N 4°31’11.09"0 269
Burkina Faso  14°24’52.87"N 1°5'14.13"0 290
Burkina Faso 14° 0’56.19"N 0° 7’50.54"0 287
Burkina Faso  13°48’30.53"N 0°14’5.71"0 301
Burkina Faso  12°40’41.34"N  0°4’'11.44"0 297
Niger 13°30’38.84"N 2°31'26.81"E 264
Niger 13°29°47.44"N 2°31'58.57"E 236
Niger 13°23’°47.98"N 2°32’56.16"E 260
Niger 13°24°20.65"N 2°33’59.41"E 260
Niger 13°25’20.47"N 2°38’3.12"E 260
Niger 13°53’18.10"N 4°35’52.67"E 279
Niger 13°46’13.32"N 6°36’4.70"E 358
Niger 13°35’36.42"N 8°19’30.62"E 445
Benin 12°0’0.41"N 3°5’52.38"E 179
Benin 11°56’28.78"N 3°10’35.79"E 172
Nigeria 12°21’'15.91"N 10°41°2.54"E 356
Nigeria 12°12’54.10"N 7° 2’46.06"E 464
Nigeria 11°32’19.98"N  13°51’47.49"E 316
Nigeria 11°27°28.65"N 13°42’1.78"E 939
Nigeria 11° 9’56.84"N 13°52’22.17"E 396
Nigeria 11° 6’41.19"N 13°50’59.78"E 428
Cameroon 10°37’57.30"N  14°11°20.40"E 451
Chad 12°17°23.47"N  17°54’53.17"E 363
Chad 11°54'22.34"N 16°54’11.54"E 321



Chad
Chad
Chad
Sudan
Sudan

12°40’50.79"N
12°38’5.60"N
12°35’50.78"N
13°23’21.97"N
12°48’9.93"N

22°11'24.53"E
22°17'28.27"E
22°17'5.96"E
24° 1'15.92"E
24°3'22.31"E

667
649
628
1162
1174

(A.1)

(A.2)
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n=199

A =2.24*10°m?

p =8.89*10* m?
r,=28.89m
r;=16.77m

R = 1.72 (over-dispersed

Figure A.1 —Investigated area for the spatial relationship analysis of mima-like mounds according to their distance
to their nearest neighbour (Clark and Evans, 1954). Each point (red) represents a mima-like mound (n=199) and is
characterized by the observed distance (1) of its nearest neighbour. A is the area, p is the density of points in the
area, 14 is the observed mean distance (Eq. A.1) and rE is the expected mean distance if mima-like mounds were
randomly distributed (Eq. A.2). R is the ratio between r 4 and rg and assesses the degree to which the observed
distribution approaches or departs from random distribution. If the spatial distribution is random, then R=1,
if the aggregation is maximal (where the nearest neighbour distance is 0), then R=0, if R > 1, then there is an
over-dispersion.
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B Carbon and Calcium amounts in
mima-like mounds

Table B.1 — Parameters used to calculate amount of C and Ca in mima-like mounds

Density soil Density nodule Soil carbonate Nodule carbonate Skeleton Surface nodule

mean (n=25) mean (n=>5) mean (n=25) mean (n=12)
gem™> gem™ mgkg™! mgkg! %-nodule kgm™
1800 2.7 0.041+0.003 7.2¥10% +3.3*10* 7.53+4.99 11.17+3.3

Table B.2 — C and Ca amount in mima-like mounds

Volume m? 1
Soil mass kg 1800
Nodule mass kg 136
Soil carbonate mg 75
Nodule carbonate mg 97592744
Total carbonate kgm > 97.6
Total carbonate kgm ™3 97.6+30
Total carbon kgm 3 19.5+6
Total calcium kgm =3 65+20
Total carbon kmolm™3 1.6+£0.5
Total carbon molm™3 1625+498
Ton per hectar

Total carbon tC/ha (20 cm prof) 39+12
Total carbon tC/ha (1 cm prof) 2+0.6
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C Picture boards
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Figure C.1 — The main component of trapped oxide is Fe
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Appendix C. Picture boards

Figure C.2 — Thin section of a secondary carbonate nodule.

SEMHV: 1500kV  WD: 1433mm ..l ] MIRAW TESCAN
View field: 53.21 ym  Det: SE i
SEMMAG: 7.80kx  Date(midiy): 02/18/16

SEM HV: 15.00 kV mm MIRA\ TESCAN
View field: 38.26 um 3 10 um ;
SEM MAG: 10.85 kx  Date(m/dly): 05/04/16 FEG SEM IGP Uni Lausanne n

FEG SEM IGP Uni Lausanne n

o - 3 , N AL 5 o 5
SEMHV: 15.00kV WD L] MIRAWTESCAN  SEM HV: 15.00kV  WD: 14.07 mm Locvstond] MIRAW TESCAN
View field: 137.6 um  Det: SE { Viewfield: 143.3ym  Det. SE i
SEMMAG: 302kx  Date(midiy): 02/18/16 FEG SEMIGP UniLousamne A SEMIMAG 260k« Date(midy) 0218116

FEG SEM IGP Uni Lausanne. u

Figure C.3 — At the interface of soil-carbonate nodules, living features are observable, such as, skeleton of diatom
(wind input?), calcified hyphae.
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D Stable C and O isotopes
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Table D.1 - Stable C and O isotopic data.

Country Codesample  Type Sampling Depth(em)  615C;0,g VPDB  intEr  6790;,,,, VPDB  intEm.  T0C(%)  019Corg (VPDB)  CjyorgAgecalkaBP e CorgAgecalkaBP e
Cameroon Cn 073-pi Nodule subsample -20 0.05 0.05 nd nd nd nd nd nd
Cameroon Cn 073-gg Nodule subsample -20 0.03 0.03 nd nd nd nd nd nd
Cameroon Cn 080 Nodule subsample -10 0.04 0.04 nd nd nd nd nd nd
Cameroon Kalliao-pi Nodule subsample 0 0.05 0.03 nd nd nd nd nd nd
Cameroon Kalliao-gg Nodule subsample 0 0.06 0.03 nd nd nd nd nd nd
Cameroon Kalliao Nodule Bulk 0 0.12 -22.93 nd nd nd nd
Cameroon CaKo04-pi Nodule subsample 0 0.06 0.05 nd nd nd nd nd nd
Cameroon CaK04-gg Nodule subsample 0 0.09 0.07 nd nd nd nd nd nd
Cameroun Ca005-no Nodule Bulk nd nd 0.13 -20.90 nd nd nd nd
Cameroon Sl-so Soil Bulk -25 0.06 0.07 nd nd nd nd nd nd
Cameroun 85-s0 Soil Bulk -20 0.06 0.05 nd nd nd nd nd nd
Cameroon §20-so Soil Bulk -60 0.05 0.05 nd nd nd nd nd nd
Cameroun Ca0023-so Soil Bulk nd nd 0.18 -21.65 nd nd nd nd
Cameroon Elpl Nodule Sparite -115 0.09 0.05 nd nd nd nd nd nd
Cameroon E1p2 Nodule Reddish -115 0.05 0.04 nd nd nd nd nd nd
Cameroon E1p3 Nodule Dark-grey -115 0.03 0.04 nd nd nd nd nd nd
Cameroon E1-P3 Nodule subsample -115 0.04 0.06 nd nd nd nd nd nd
Cameroon Elp4 Nodule Grey -115 0.06 0.03 nd nd nd nd nd nd
Cameroon E5-P1 Nodule subsample -10 0.14 0.11 nd nd nd nd nd nd
Cameroon Alpl Nodule Sparite -5 0.06 0.08 nd nd nd nd nd nd
Cameroon Alp2 Nodule Aggr -5 0.11 0.07 nd nd nd nd nd nd
Cameroon Alp3 Nodule Grey -5 0.11 0.04 nd nd nd nd nd nd
Cameroon A2-2-P1 Nodule subsample -50 0.15 0.14 nd nd nd nd nd nd
Cameroon A2-2-P2 Nodule subsample -50 0.12 0.07 nd nd nd nd nd nd
Cameroon A2-2-P3 Nodule subsample -50 0.12 0.07 nd nd nd nd nd nd
Cameroon A3-P1 Nodule subsample -100 0.06 0.12 nd nd nd nd nd nd
Cameroon A3-P2a Nodule subsample -100 0.03 0.07 nd nd nd nd nd nd
Cameroon A3-P2b Nodule subsample -100 0.02 0.06 nd nd nd nd nd nd
Cameroon A3-P2c Nodule subsample -100 0.04 0.06 nd nd nd nd nd nd
Cameroon V-no Nodule subsample nd nd 0.31 -19.19 nd nd nd nd
Cameroon B2pl Nodule Grey -10 0.05 0.09 nd nd nd nd nd nd
Cameroon B2 p2 Nodule External -10 0.04 0.05 nd nd nd nd nd nd
Cameroon B2p3 Nodule Grey -10 0.08 0.07 nd nd nd nd nd nd
Cameroon B4pl Nodule Grey -60 0.07 0.06 nd nd nd nd nd nd
Cameroon B4 p2 Nodule Reddish -60 0.05 0.05 nd nd nd nd nd nd
Cameroon B4p3 Nodule External -60 0.04 0.07 nd nd nd nd nd nd
Cameroon B6-b-P1 Nodule subsample -125 0.15 0.13 nd nd nd nd nd nd
Cameroon B6-b-P2 Nodule subsample -125 0.05 0.07 nd nd nd nd nd nd
Cameroon C2pl Nodule Reddish -7.5 0.04 0.07 nd nd nd nd nd nd
Cameroon C2p2 Nodule Grey -7.5 0.04 0.05 nd nd nd nd nd nd
Cameroon C3-P1 Nodule subsample -30 0.13 0.15 nd nd nd nd nd nd
Cameroon C3-P2 Nodule subsample -30 0.04 0.07 nd nd nd nd nd nd
Cameroon C3-P3 Nodule subsample -30 0.02 0.04 nd nd nd nd nd nd
Cameroon D3a-P1 Nodule subsample 0 0.04 0.04 nd nd nd nd nd nd
Cameroon D3a-P2 Nodule subsample 0 0.03 0.03 nd nd nd nd nd nd
Cameroon D3a-P3 Nodule subsample 0 0.03 0.04 nd nd nd nd nd nd
Cameroon C1 Nodule Bulk 0 0.08 0.04 0.13 -21.59 713 0.12 nd nd
Cameroon c2 Nodule Bulk 0 0.11 0.05 0.20 -20.06 6.34 0.06 nd nd
Cameroon c3 Nodule Bulk 7.5 0.06 0.03 0.20 -20.48 6.24 0.05 8.83 0.24
Cameroon Cca Nodule Bulk -35 0.09 0.05 0.14 -20.37 6.45 0.06 nd nd
Cameroon C5 Nodule Bulk -45 0.15 0.09 0.10 -22.28 6.34 0.06 10.39 0.17
Cameroon Cc6 Nodule Bulk -65 0.09 0.05 0.12 -23.32 5.12 0.16 9.52 0.04
Cameroon c7 Nodule Bulk -85 0.08 0.04 0.09 -21.17 5.19 0.13 nd nd
Cameroon cs8 Nodule Bulk -95 0.13 0.06 0.08 -23.05 6.55 0.09 11.05 0.24
Cameroon c9 Nodule Bulk -105 0.13 0.05 0.17 -25.74 5.04 0.17 nd nd
Cameroon C10 Nodule Bulk -125 0.13 0.08 0.16 -24.22 5.83 0.08 8.18 0.19
Cameroon TCF1-no Nodule Bulk nd nd 0.19 -21.22 nd nd nd nd
Cameroon TCF2-no Nodule Bulk nd nd 0.26 -21.70 nd nd nd nd
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Figure E.1 — A) Ranges of Eh-pH conditions in wetlands (Asheley et al., 2013). B) Eh-pH conditions found in
wetlands and related to organo-mineral stabilities. It is hypothesized that during Step 2 of Vertisol relic formation,
the Eh-pH conditions were within the Hematite-Mn-oxide box, while the Eh-pH conditions during Step 3 were
within the Calcite box. The reasons for a shift from Step 2 to Step 3 were a shift toward drier conditions triggering
more oxidizing conditions (higher Eh) and activating the Oxalate-Carbonate Pathway (higher pH).
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F Weathering and clay mineral stability
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Figure E1 — Domain of clay mineral stabilities according to mean annual precipitation and primary rock chemistry.
These observations have been made by Barshad (1966) in California, where mean annual temperatures are ~15°C.
For mean annual precipitation of 400 mm/yr (red), the amount favourable for dust stabilization (Kanemian),
smectite is largely dominant (> 60%), and for mean annual precipitation of 800 mm/yr (green), the amount in the
Diamare piedmont in the present-day, kaolinite-halloysite are favoured.

149






G OSL methodology

Table G.1 - Energies (MeV/Bq s~!) emitted by alpha, beta and gamma events for the 238U-series, 23°U-series and
232Th-series (Guérin et al., 2011). The total of the energies are used in the calculations if the series are assumed to
be in secular equilibrium. Otherwise, if daughter products are absent, their energies are removed from the total
energy calculation and their loss accounted for in calculation of the k factor.

Energy (MeV/Bq s~ 1)

Radiation event a B Y
28y 4.193  0.007 0.001
234Th - 0.059 0.008
234pam - 0.81 0.016
234pg - 0.001 0.001
234y 4759 0.012 0.001
230Th 4664 0.013 0.001
226Ra 4775 0.004 0.007
222Rn 5.489 - 0
218pg 6.001 - -
2l4pp - 0.291 0.239
2l4g4 0.001 0.654 1.475
2l4pg 7.687 - 0
210pp - 0.033  0.005
210B; - 0.389 -
210pg 5.304 0 0
Total 42.873 2273 1.754
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Energy (MeV/Bq s~ 1)

Radiation event a B Y
2y 4114 0.029 0.164
231Th - 0.146 0.023
231py 4.924 0.032 0.04
227pc 0.07 0.012 0.001
2271Th 5.808 0.05 0.154
223py 0.005 0 0.001
223Ra 5.664 0.068 0.135
219Rn 6.753 0.007 0.058
215pq 7.392 - -
211pp - 0.45 0.064
211gj 6.549 0.013 0.047
2l1pg 0.021 - -
2077 - 0.495 0.002
Total 413 1.302 0.689
Energy (MeV/Bq s~ )
Radiation event a B Y
Z32Th 4.003 0.0113 0.0011
228Ra - 0.0092  0.0004
228A¢ - 0.4171 0.8602
228ThH 5.406  0.0195 0.0031
224Ra 5.673  0.0023 0.0104
220Rn 6.288 - 0.0006
216pg 6.778 - 0
212py - 0.1721 0.1437
212gj 2.175 05034 0.1039
212pq 5.631 - -
2087 - 0.214 1.2136
Total 35.954 1.3489 2.337




Table G.2 — Energies E, (MeV/Bq s~!) and calculated ky factors for decay chains of the element x, either
considering equilibrium (black) or disequilibrium (i.e. assuming loss of daughters; grey) scenarios.

Decay-event E, (MeV/Bqs~') kfactor

Z38Qy a 42.87 0.036
B 2.27 0.01
% 1.75 0.009
28y a 4.19 0.003
B 0.88 0.004
% 0.03 0.0001
34y a 476 0.004
B 0.01 0.0001
% 0.001 0.00001
5y a 413 0.0003
B 1.3 0.00004
Y 0.69 0.00002
2382Th a 35.95 0.035
B 1.35 0.006
Y 2.34 0.012

Table G.3 — Attenuated dose rates for each component and scenario. The effectiveness of a-radiation is corrected
using an a-value of 0.11+0.03 according to Balescu and Lamothe (1993). The water content is estimated to be
10+2%. A (234U /238 U) activity ratio of 1.31 is used (Violette et al., 2010) for the disequilibrium scenario.

State Element Radiation event Attenuated dose rate (Gy ka™!)
Soil Equilibrium U a 0.23
B 0.55
Y 0.48
Th 41 0.34
B 0.47
y 0.98
K B 2
Y 0.65
Rb B 0.02
Nodule Equilibrium U a 0.29
B 0.68
Y 0.59
Th a 0.1
B 0.14
y 0.29
K B 0.5
y 0.16
Rb B 0.01
24% Equilibrium U a 0.07
B 0.16
y 0.14
76% Disequilibrium U a 0.06
B 0.02
04 0.002
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Appendix G. OSL methodology

Table G.4 — Luminescence data for nodules NO1 and NO2 and calculated OSL ages for the two scenarios (1 =
equilibrium and 2 = disequilibrium) for different 7> durations (ka). The maximum carbonate nodule age (7> =
Max) is equal to the OSL age depending on the scenario. An activity ratio (334 U/238U) of 1.31 was chosen according
to the study of Violette et al. (2010). pIRIR225 ages are not corrected for fading.

Sample £, (ka BP) D, Scenario 1 Scenario 2
De no (GY) De 5o (GY) Age (ka) De no (GY) De 5o (GY) Age (ka)
NO1 Max 88.44+0.99 88.44 0 22.6x1.5 88.44 0 27.2+1.8
15 58.73 29.70 20.1+1.4 48.75 39.68 21.8+1.5
14 54.82 33.62 19.8+1.3 45.50 42.93 21.4+1.4
13 50.90 37.53 9.5+1.3 42.25 46.18 20.90+1.4
12 46.98 41.45 19.1+1.3 39.00 49.43 20.5+1.4
11 43.07 45.36 18.8+1.3 35.75 52.6 20.1+1.4
10 39.15 49.28 18.5+1.2 32.50 55.9 19.6+1.3
9 35.24 53.20 18.2+1.2 29.25 59.18 19.2+1.3
8 31.32 57.11 17.8+1.2 26.00 62.43 18.7+1.3
7 27.40 61.03 17.5+1.2 22.75 65.68 18.3+1.2
6 23.49 64.94 17.2+1.2 19.50 68.93 17.9+1.2
5 19.57 68.86 16.8+1.1 16.25 72.18 17.4+1.2
4 15.66 72.77 16.5+1.1 13.00 75.43 17.0+1.1
3 11.74 76.69 16.2+1.1 9.75 78.68 16.5+1.1
2 7.83 80.60 15.9+1.1 6.50 81.93 16.1+1.1
1 3.91 84.52 15.5+1.1 3.25 85.18 15.7+1.1
0 0 88.44 15.2+1.0 0 88.44 15.2+1.0
NO2 Max 90.46+1.07 90.46 0 22.8+1.5 90.46 0 27.0+1.8
15 59.39 31.06 20.4+1.4 50.19 40.26 22.0+1.5
14 55.43 35.02 20.1+1.4 46.85 43.60 21.6+1.5
13 51.47 38.98 19.8+1.3 43.50 46.95 21.2+1.4
12 47.51 42.94 19.5+1.3 40.15 50.30 20.8+1.4
11 43.55 46.90 19.2+1.3 36.81 53.64 20.4+1.4
10 39.59 50.86 18.9+1.3 33.46 56.99 19.9+1.3
9 35.63 54.82 18.6+1.3 30.11 60.34 19.5+1.3
8 31.67 58.78 18.3+1.2 26.77 63.68 19.1+1.3
7 27.71 62.74 17.9+1.2 23.42 67.03 18.7+1.3
6 23.75 66.70 17.6+1.2 20.07 70.38 18.3+1.2
5 19.79 70.66 17.3+1.2 16.73 73.72 17.9+1.2
4 15.83 74.62 17.0+1.1 13.38 77.07 17.4+1.2
3 11.87 78.58 16.7+1.1 10.03 80.42 17.0+1.1
2 7.91 82.54 16.4+1.1 6.69 83.76 16.6+1.1
1 3.95 86.50 16.1+1.1 3.34 87.11 16.2+1.1
0 0 90.46 15.8+1.1 0 90.46 15.8+1.1
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H OSL results from carbonate nodules

H.1 Luminescence data

The natural luminescence signal of K-feldspar is bright and typical decay curves for paired measure-
ments at 50°C and 225°C and associated dose response curves are showed in Figure H.1A and H.1B,
respectively (sample H6). For each sample, 12 to 24 small aliquots were measured to emphasize the
variability within a sample, assessed by the overdispersion (OD). The natural equivalent dose (s) of
an aliquot is assessed with the dose response curve. This value is then multiplied by the dose rate of
the Riso reader (= 0.1 Gy s™!) to obtain the final D, value. According to the overdispersion (OD) of
the D, of a sample, the central age model (OD <20%) or the maximum age model (OD >20%) was
applied. The results are showed in Table H.1. For all samples and both signals, the OD values are below
20% except for the IRs5) signal of sample HO. The D, value for this sample was thus also assessed with
the maximum age model (HOb). A general trend is observable for both signals showing an increase
of the D, values with depth, from 23.4 Gy to 56.6 Gy (IRsp) and from 50.4 Gy to 88.1 Gy (pIRIRyps).
The increase is weaker since sample H6, ~10 Gy above H6 and ~2 Gy below. Samples H8 and G12
are out of the trend with slightly lower values. The IRso/ pIRIRyy5 ratio values range from 0.66 and
0.67 for samples H2, E5 and H6. They are lower for samples H8, H10, H11 and G14, and range from
0.62 to 0.64. The ratio value for sample G12 is 0.59, and finally, for sample HO, the value is 0.40 or 0.46
according to the D, values calculated, i.e. with central age model and maximum age model respectively.
These values are illustrated in Figure H.1C, and generally, the samples are distributed along the 0.6
line except for sample HO falling between the 0.6 and 0.4 lines. To validate the SAR protocol used, the
residual doses after 6 hours of sunlight exposure are in average 0.62+0.30 Gy for the IRs signal and
1.88+0.49 Gy for the pIRIR,)5 signal. The recovery ratio values are 1.0+0.01 and 0.98+0.02 for the IRs5g
and the pIRIRy,s5 signals, respectively. The g44y5 values for the I Rsg signal range from 3 to 4 %/dec
for samples HO, H2 and E5, from 4 to 5 %/dec for samples H6, H8, G12, H11 and G14, and is up to
5.9+1.0 %/dec for sample H10. For the pIRIRy;s5 signal, 8244y values are <1 %/dec for samples H11
and G14, are from 1 to 2 %/dec for samples HO, H2, E5 and G12, and are >2 %/dec for samples H6
(2.940.2 %/dec), H8 (3.1+£0.9 %/dec) and H10 (2.3+1.6 %/dec).

The environmental dose rate (DA4) around primary minerals evolved through time, due to chemical
changes induced by carbonate nodule formation. The effect of these changes was studied in detail and
is explained in Diaz et al., 2016b. It is thus necessary to distinguish the soil external dose rate (i.e Dey/1
during T;) from the carbonate nodule external dose rate (i.e Doy ;> during T»). The first is the same for
all samples but the second one is proper to each sample, as it takes into account the y-rays emitted
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Appendix H. OSL results from carbonate nodules

by radionuclides composing the soil, and this is related to the nodule diameter (Aitken, 1985, Diaz et
al.,, 2016b). Finally, the Djn; is similar for each sample as well. The sum of the Dey during T; and the
Din; represents the Dy,, and sum of D, during T» and the D;,, represents the D,,,. The D;,; value
is 0.45+0.09 Gy ka™!, the soil Dy, is 5.11+0.34 Gy ka~! and the nodule D,,;, ranges from 3.33 to 3.36
Gy ka™!.

Table H.2 shows the results from Equ. 5.16-5.17 (chapter 5), the resulted OSL ages are still uncorrected
by anomalous fading. The D, ;, of sample HO for the IR5, signal is negative (-2.1 Gy). The ages range
from 6.0 ka to 11.9 ka BP (/Rs5p) and from 10.6 to 17.5 ka BP (pIRIRy5). Fading-corrected IRs, ages
range from 7.6 ka to 17.4 ka. Younger ages are at the surface for HO, H2 and E5 with ages <14.0 ka.
From sample H6, the ages are >14 ka except for sample H8 (13.9 ka). The fading-uncorrected and
fading-corrected pIRIRyy5 ages are older than fading-corrected IRs5g ages, except for sample H10,
whose fading-uncorrected pIRIR»»5 age is 0.5 ka younger. Although for fading-uncorrected pIRIR2»5
ages the deviation from fading-corrected I Rsg ages is within 10% (Fig. H.1D). The deviation is >10%
for fading-corrected pIRIRy5 ages. For uncorrected pIRIR»»5 ages, the trend with depth follows 1R5q
ages, however they range from 10.6 ka to 17.5 ka. Corrected pIRIR,,5 ages range from 11.7 ka to 19.8
ka, with ages <17 ka from HO to E5 and >17 ka until sample H6.

H.2 Adequate luminescence age used in the interpretations

OSL ages are challenging to assessed in the carbonate nodule context, as showed by the large variability
when using the IR5 or the pIRIR,,5 signal (Fig. H.1D). However, the IR5o/ pIRIR»»5 ratio values of
the samples are distributed on the same line (0.6) suggesting that the difference between both signals
is induced by different anomalous fading, rather than partial bleaching (Fig. H.1C). This is confirmed
by OD values, which are <15% (Table H.1). The exception is sample HO. The higher OD and lower
IRs0/ pIRIRyys5 ratio suggest that the sample is affected by post-depositional partial bleaching. This
explanation is supported by the results obtained for the experiment comparing the luminescence
signals from the minerals located in the border (external) and in the centre (internal) of a nodule
(Diaz et al., 2016b). The OD and IRso/ pIRIR,»5 ratio of sample HO are similar to values measured
for external minerals. On the contrary, the values of the others samples are close to those measured
for internal minerals. Sample HO was brought at the soil surface by later erosion processes, and thus
was longer exposed to sunlight than other samples. Even the minerals from the core are affected
by post-depositional partial bleaching and thus the maximum age model was used to calculate the
D, value (Olley et al., 1996). However, the calculation of HO IRsg D, s, giving a negative value (-2.1
Gy) suggests that in addition to fading loss, a part of the signal is still lost by post-deposition partial
bleaching. This effect is less important for the pIRIR,,5 signal. Consequently, the OSL ages of HO are
underestimated, but this underestimation is higher for the IR5y age than the pIRIR»;5 age. Finally, the
fading correction of the IR5y ages gets them closer to the pIRIR»,5 ages at 10% within uncertainties,
but fading-corrected pIRIR5 ages deviate > 10% from the fading-corrected IRs ages (Fig. H.1D).
We discussed above that we should not have an issue with post-deposition partial bleaching, except
for HO, thus this should not explain the difference between IRsy and pIRIR»,5 ages. The anomalous
fading is very difficult to assess in the laboratory (Wallinga et al., 2007), it is thus possible that this
deviation is related to the poor accuracy of g»44ys values measurement. Nevertheless, beyond these
uncertainties and the reasons behind these disagreements, all ages are related to the stratigraphic
period of the Kanemian. Consequently, a numerical chronology for mima-like mound formation can
still be proposed and according to the discussion above, fading-uncorrected pIRIR,,5 ages are used
for the palaeo-environmental interpretations.
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H.2. Adequate luminescence age used in the interpretations
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Figure H.1 — A) Typical curve response dose for a sample, B) Typical calibration curve (black diamonds) and
natural equivalent dose of a sample (white diamond), C) IR5g D, values as a function of the pIRIR225 D, values,
the dashed line represents the I R5o/ pIRIR225 ratio value of 0.6, D) comparison of fading-corrected IR5q ages with
pIRIRy,5 ages not fading-corrected (white diamonds) and with fading-corrected (grey diamonds). The dashed
lines represent the 10% error margins.

Table H.1 — Luminescence data for the nodules.

IR50 pIRIR225
Depth D, OD D, OD IRs50/pIRIR2:5
(cm) (Gy) (%) (Gy) (%)
HoOa 0 18.5+4.5 23+1 46.8+6.1 11+0.7 0.4
HOb 0 23.4+4.5 23+1 50.4v6.1 11+0.7 0.46
H2 23.5 40.2+£5.9 14+04 59.9+7.0 9403 0.67
E5 43 47.8+3.6 6+0.5 71.746.5 7+0.6 0.67
H6 71 54.0+5.9 10+£0.7 82.1+5.1 3%0.6 0.66
H8 81 50.4+£10.2 16+1 78.6£6.7 7+0.6 0.64
H10 101 55.2+5.0 7+0.6 88.6£9.2 9+0.7 0.62
G12 105 50.7£6.5 11+£0.7 86.4+4.4 0 0.59
H11 111 56.6+5.8 9+0.6 88.8+4.7 2+0.8 0.64
Gl14 125 56.6+5.3 7+0.6  88.1+4.6 0 0.64
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Appendix H. OSL results from carbonate nodules

Table H.2 — OSL Ages calculated for the equilibrium scenario

Environmental dose rate IRs5 PIRIRy)s
Dint Dextl Dextz De¢no  Deso Age De¢no  Deso Age
(Gyka™) (Gyka™) (Gyka) (Gy) (Gy (ka) Gy) (Gy) (ka)
HOb 0.45+0.09 5.11+0.34 3.33+0.34 25.6 -2.1 6.0+1.3 256 24.8 10.6%1.1
H2 0.45+0.09 5.11+0.34 3.35+0.34 25.4 14.8 8.8+1.0 25.4 34.6 12.2+0.9
E5 0.45+0.09 5.11+0.34 3.33+0.34 25.8 22 10.3+1.1 25.8 459 14.4+1.1
H6 0.45+0.09 5.11+0.34 3.33+0.34 25.2 28.7 11.3+1.3 252 56.9 16.2+1.2
H8 0.45+0.09 5.11+0.34 3.33+0.34 20.3 30.1 10.4+1.3 203 58.3 15.3+1.2
H10 0.45+0.09 5.11+0.34 3.33+0.34 20.6 34.7 11.2+1.3 20.6 68 17.0+£1.4
Gl12 0.45+0.09 5.11+0.34 3.36+0.34  20.1 30.6 10.4+1.4 20.1 66.3 16.6+1.2
H11 0.45+0.09 5.11+0.34 3.33+0.34 25.9 30.6 11.9+1.4 259 62.9 17.5%1.3
Gl14 0.45+0.09 5.11+0.34 3.36+0.34  23.2 334 11.7¢1.3 232 649 17.2+1.3
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I Radiocarbon Ages

Table I.1 — Radiocarbon ages obtained in this study.

Profile Type Depth C™ageBP +lo calBC cal BP calBP  err 01°C
cm from to % from to % mean

Cc2 Site 2012 Carbonate 0 6029 33 5014 4835 954 6964 6785 954 68745 126.6 -9.5
X0 Bignodule Carbonate 0 6220 31 5301 5060 954 7251 7010 954 71305 1704 -8.2
GO H Carbonate 0 5521 30 4450 4330 954 6400 6280 95.4 6340 84.9 -8.8
H2 H Carbonate -7.5 5434 30 4345 4240 954 6295 6190 954 62425 74.2 -8.8
H2 H Organic Matter -7.5 7971 32 7045 6708 954 8995 8658 954 8826.5 2383 -42.1
E5 E Carbonate -35 5662 31 4560 4440 92.1 6510 6390  92.1 6450 84.85 -12.3
H6 H Carbonate -45 5527 32 4450 4330 954 6400 6280 95.4 6340 849 -20.1
H6 H Organic Matter -45 9236 35 8562 8322 954 10512 10272 95.4 10392 169.7 -23.7
H8 H Carbonate -65 4447 29 3332 3010 93.8 5282 4960 93.8 5121 2277  -6.2
H38 H Organic Matter -65 8554 34 7601 7541 954 9551 9491 954 9521 424 -233
H10 H Carbonate -85 4557 29 3371 3107 944 5321 5057 944 5189 186.6  -9.9
H11 H Carbonate -95 5747 30 4690 4504 954 6640 6454 954 6547 1315 -12.8
H11 H Organic Matter -95 9706 36 9272 8937 954 11222 10887 954 110545 2369 -31.3
G12 G Carbonate -105 4420 29 3266 2921 93.2 5216 4871 932 5043.5 2440 -8
G14 G Carbonate -125 5106 30 3968 3800 954 5918 5750 954 5834 118.8 -9.9
Gl4 G Organic Matter -125 7362 33 6361 6094 954 8311 8044 954 81775 188.8 -23.6
Artemis2.2 N Carbonate -30 6150 30 5210 5009 954 7160 6959 954  7059.5 100.5 -13.5
Artemis2.2 N Organic Matter -30 8330 80 7551 7143 954 9501 9093 95.4 9297 204 -19.1
Artemis2.3 N Carbonate -60 275 30 1514 1789 954 436 161 95.4 298.5 1375 -5.2
Artemis 3.1  Site 2012 Carbonate 0 5265 30 4230 3987 954 6180 5937 954 60585 1215 -12.2
Artemis 3.2 Site 2012 Carbonate -30 975 30 1013 1155 95.4 937 795 95.4 866 71 -8.3
Artemis 3.3  Site 2012 Carbonate -100 8915 45 8251 7951 954 10201 9901 95.4 10051 150 -0.5
Artemis 3.3 Site 2012 Organic Matter ~ -100 11700 70 11776 11456 954 13726 13406 95.4 13566 160  -15.9
Artemis 4.1  Vertisol Carbonate 0 5285 30 4232 4000 954 6182 5950 95.4 6066 116 -6.7
Artemis 4.2 Vertisol Carbonate -30 3965 30 2573 2348 954 4523 4298 954 44105 112 -7.7
Artemis 4.3  Vertisol Carbonate -60 3125 30 1492 1297 954 3442 3247 954 33445 97 -8.12
Artemis 4.3  Vertisol Organic Matter -60 7725 45 6640 6473 954 8590 8423 954 8506.5 83 -17
N1 G grey part -90 5797 27 4717 4556 954 6667 6506 954  6586.5 113 -13
N2 G external part -90 5754 27 4690 4533 954 6640 6483 954 6561.5 111 -15.1
N3 G reddish part -90 5724 27 4682 4492 954 6632 6442 954 6537 134 -14.5

Table 1.2 — Compilation of inorganic radiocarbon ages. The calibration was made with oxcal, IntCal13

Sample Area Age (BP) Range Age cal BC Range Age cal BP Mean Reference

Kosselilli Chad 8570210 8242 7145 10192 9095 9644+549 Bocquier (1973, p.263)
Kosselilli Chad 2710+160 1263 416 3213 2366 2790+424

Mindera Chad 8665240 8342 7143 10292 9093 9693600

Mindera Chad 1780+95 22 528 1972 2478 22254253

Figuil Cameroon 8400+110 7601 7141 9551 9091 93214230 Marliac (1973, p.95)
Figuil Cameroon 14720£200 16467 15498 18417 17448 179331485

Figuil Cameroon 153204210 17051 16121 19001 18071 18536+465

Figuil Cameroon 8690110 8200 7548 10150 9498 9824+326

Figuil Cameroon 7030100 6076 5718 8026 7668 7847£179 in Maley (1981, p.187)
Figuil Cameroon 6450+90 5610 5227 7560 i 7369+192

Adoumri Cameroon 10100£230 10601 9202 12551 11152 11852700

Koutoukalé Niger 5780+60 4777 4496 6727 6446 65871141 Taupin (2003)
Koutoukalé Niger 668060 5707 5510 7657 7460 7559+99

Koutoukalé Niger 6535180 5626 5344 7576 7294 7435141
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—
x Table J.1 — Compilation of luminescence ages from different sediments within the Chad Basin.
Area Site Code sample Longitude Latitude Depth (m) Dating Methode Age (ka) Error (ka) Remarks Source Sample Type
Nigeria  Manga Grasslands 970/1 11°01I'E 13°18N 15 OSL 434 0.41 Barchanoid dune Holmes et al 1999 Dune
970/1A 11°01°E 13°18'N 13 osL 53 0.26 Barchanoid dune Dune
970/2 11°01I'E 13°18'N 45 osL 651 0.8 Barchanoid dune Dune
970/3 1°01E 3°18'N 7 osL 495 0.41 Barchanoid dune Dune
971/1 11°01°E 13°22'N 15 OSL 5.51 0.36 Sandy interdune depression Dune
973/1 0°55'E 3°15'N 5 osL 6.65 037 Barchanoid ridge Dune
973/2 10°55'E 3°15'N 2 OSsL 9.98 0.45 Barchanoid ridge Dune
974/3 0°55'E 3°16'N 15 osL 6.8 04 Playa sand sheet Dune
974/3 10°55'E 13°16'N 1 osL 021 0.09 Playa sand sheet Dune
975/1 0°55'E 3°16'N 2 osL 127 0.15 Barchan dune Dune
975/2 10°55'E 3°16'N 1 osL 017 0.03 Barchan dune Dune
976/1 0°55'E 3°17N 1.8 osL 17 0.12 Transverse duneform Dune
978/1 11°49°E 13°02'N 2.2 OsL 22 0.2 Barchanoid dune Dune
980/1 0%40E 3%20'N 14 osL 5.25 031 Deflating barchanoid Dune
981/1 10°40'E 3°18'N 1.6 osL 3.24 0.21 Proto-linear dune Dune
Nigeria Damasak NW DkNW-1 12°21'25.97"E 13° 0'56.03"'N 225 osL 29 0.2 alluvium Gunmio and Preusser 2007 Alluvium
Damasak NW Dk NW-2 12°21'25.97"E 13° 0'56.03"N 325 osL 27 0.1 alluvium Alluvium
Damasak W Dk W-1 12°20'55.28"E 13° 1'48.58'N 1.25 OSL 4.8 0.4 alluvium Alluvium
Damasak W DkW-2 12°20'55.28'E 13° 1'48.58'N 2.25 osL 118 0.9 alluvium Alluvium
Damasak W Dk W-3 12°20'55.28"E 13° 1'48.58'N 3.25 OSL 11.7 1.1 alluvium Alluvium
Damasak W DkW-4 12°20'55.28"E 13° 1'48.58'N 4.25 OsL 9.4 03 alluvium Alluvium
Damasak W Dk W-5 12°20'55.28"E 13° 1'48.58"'N 5.25 OSL 11.8 0.6 alluvium Alluvium
Geidam S GS-1 11°54'24.09"E 12°50'43.12"N 0.85 osL 5.7 03 alluvium Alluvium
Geidam S GS-2 11°54'24.09"E 12°50'43.12"N 1.85 OSL 6 0.3 alluvium Alluvium
Geidam S Gs-3 11°54'24.09"E 12°50'43.12"N 2.85 osL 5.8 04 alluvium Alluvium
Gumsa NE Gu NE-1 11°50'40.80"E 12°38'20.86"N 35 OSL 17.4 1 alluvium Alluvium
Gumsa NE GuNE-1g 11°50'40.80"E 12°38'20.86"N 35 osL 10.8 03 alluvium Alluvium
Geidam SW GSW-1 11°49'3651"E 12°51'4.55"N 0.85 osL 86 05 alluvium Alluvium
Geidam SW GSW-2 11°49'36.51"E 12°51'4.55"N 1.85 osL 1.2 05 alluvium Alluvium
Geidam SW GSW-3 11°49'3651"E 12°51'4.55"N 2.85 osL 17 0.1 alluvium Alluvium
Geidam SW G SW-4 11°49'36.51"E 12°51°4.55"N 3.85 OSL 7.8 0.8 alluvium Alluvium
Geidam SW GSW-5 11°49'3651"E 12°51'4.55"N 4.85 osL 125 06 alluvium Alluvium
Geidam Wn GW-1 1°55'5.35"E 12°53'17.39'N 23 osL 59 0.2 alluvium Alluvium
Geidam W s GW-1g 1°55'5.35"E 12°53'17.39"'N 23 osL 6.3 0.2 alluvium Alluvium
Geidam W's GW-2 11°55'5.35"E 12°53'17.39'N 23 osL 62 04 alluvium Alluvium
Geidam W s GW-2g 1°55'5.35"E 12°53'17.39"'N 35 OosL 7.5 0.2 alluvium Alluvium
Geidam Wn GW-3 1°55'5.35"E 12°53'17.39'N 35 osL 12.6 0.7 alluvium Alluvium
Geidam Wn GW-4 1°55'5.35"E 12°53'17.39"N 45 osL 215 2 alluvium Alluvium
Geidam Wn GW-4g 11°55'5.35"E 12°53'17.39'N 9 osL 12.9 1.2 alluvium Alluvium
Nigeria Bama Ridge BR5B 13° 9'0.89"E 11°50'4.53"N 16.5 OsL 26.4 9.3 Medium sand Abafoni et al 2014 Sand Ridge
BRSC 13° 9'0.89"E 11°50'4.53"N 15.3 OSL 24.8 7.3 very coarse sand Sand Ridge
BRSD 13° 90.89"E 11°50'4.53"'N 14 osL 21.8 3.1 granule Sand Ridge
BRSE 13° 9'0.89"E 11°50'4.53"N 13.4 OSL 35.2 3.4 very coarse sand Sand Ridge
BRSF 13° 90.89"E 11°50'4.53"'N 121 osL 29.8 34 fine sand Sand Ridge
BR5G 13° 9'0.89"E 11°50'4.53"N 10.4 OSL 184 15 very fine sand Sand Ridge
BRSH 13° 90.89"E 11°50'4.53"'N 8 osL 72 0.63 fine sand Sand Ridge
BR5I 13° 9'0.89'E 11°50'4.53"'N 6 osL 96 0.7 Medium sand Sand Ridge
BR5] 13° 90.89"E 11°50'4.53"'N 5.4 osL 6.1 0.54 fine sand Sand Ridge
BRS 13° 9'0.89'E 11°50'4.53"'N 5 osL 6.3 0.56 fine sand Sand Ridge
BR3 13° 90.89"E 11°50'4.53"'N 4 osL 4.1 037 fine sand Sand Ridge
IBRK 13° 9'0.89'E 1°50'4.53"N 4.6 osL 6.6 0.64 Sand Ridge
2BRK 13° 90.89'E 1°50'4.53"N 95 osL 93 0.58 Sand Ridge
IBRM 13° 9'0.89'E 11°50'4.53"'N 2 osL 33 031 Sand Ridge
2BRM 13° 90.89'E 1°50'4.53"N 44 osL 7.1 05 Sand Ridge
CFRM7 13° 9'0.89'E 1°50'4.53"N 44 osL 17.8 2.1 Sand Ridge
CFRM8 13° 90.89'E 11°50'4.53"'N 1.2 osL 46 0.8 Sand Ridge
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Non-anthropogenic earth mounds, defined as mima-like mounds in this study, have recently been observed in
non-carbonate watersheds along the Sudano-Sahelian belt in the Chad Basin. In the Diamare piedmont (northern
Cameroon) they are particularly well developed within stream networks. In less eroded areas, they occur as
whaleback, flattened morphologies, or even as buried features. All these shapes are composed of clay-rich
sediment associated with high proportions of secondary carbonate nodules and Fe—Mn micro-nodules. Their
soil structure is prismatic to massive and vertical cracks are observed locally. Grain-size distributions emphasize
Erosion the clay-rich nature of the sediment, with average clay contents of 32% 4 12.8% (n = 186), which is significantly
Vertisol genesis higher than the clay content in the adjacent sediments in the landscape (mean = 10% + 4%, n = 21). Moreover,
Gilgai high proportions of smectite characterize the soil, with average contents of 34 + 7% (n = 25). At the micro-scale,
Late Pleistocene-Holocene the groundmass has a cross-striated b-fabric, with embedded smooth subangular quartz and feldspar grains of
the silt-size fraction. All the characteristics point to altered vertic properties in the clay-rich sediment composing
the mima-like mounds. Mima-like mounds are thus interpreted as degraded Vertisols. Compared to present-day
Vertisols occurring in the piedmont, mima-like mounds are located upstream. It is thus proposed that the Vertisol
areas were more extensive during a former and wetter period than the present-day. Subsequent changing climatic
conditions increased erosion, revealing the gilgai micro-relief by preferential erosion in micro-lows rather than
in micro-highs. Mima-like mounds of the Chad Basin might thus result from pedogenesis combined with later ero-
sion. These local processes can be inherited from regional climatic variations during the Late Pleistocene-Holocene
and likely be related to the African Humid Period.

Keywords:

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Non-anthropogenic earth mounds occur in many parts of the world
and the questions related to their origin make them exciting features
(Cramer et al., 2012). The debate is generally centred upon the discus-
sion of their abiotic or biotic origin. For example, earth mounds
observed in South Africa (locally termed heuweltjies; Moore and
Picker, 1991; Francis et al.,2012) and Brazil (Funch, 2015) are attributed
to termite activity, but others provide some evidence they can result
from differential erosion (Cramer et al., 2012). In North America, the
geomyid pocket gopher may be involved in the mound (or mima
mound) formation (e.g. Cox, 1984), but the debate on their real capabil-
ity to produce them is still open (e.g. Butler, 1995). Silva et al. (2010)
proposed that erosive processes combined with vegetation patterns
are the cause of earth mounds (campos de murundus) observed in

* Corresponding author.
E-mail address: nathalie.diaz@unil.ch (N. Diaz).

http://dx.doi.org/10.1016/j.geomorph.2016.02.021
0169-555X/© 2016 Elsevier B.V. All rights reserved.

Brazil instead of resulting from termite activity. The origin of earth
mounds changes from one region to another, but they have some
common features, such as their regular spatial distribution or their
size (Cramer et al., 2012). It was recently proposed that many of these
different earth mounds, termed mima-like mounds, can be explained
by the combination of erosion and/or aeolian processes with vegetation
patterns (Cramer and Barger, 2014; Cramer and Midgley, 2015).

All along the Sudano-Sahelian belt, carbonate nodules have been
observed in non-carbonate watersheds (Fig. 1A). In northern Cameroon
(Fig. 1B), these nodules are associated with non-anthropogenic earth
mounds (Fig. 2). These new features have not been studied up until
now. In the Far North region of Cameroon (Chad Basin) they are frequent-
ly observed in the Diamare piedmont (Fig. 1B), and are particularly well
developed within stream networks (10 m < diameter < 30 m and height
up to 1 m). On Google Earth images (Fig. 1C), they are distributed in
eroded areas as regularly spaced (i.e. over-dispersed) round features.
They can be defined as mima-like mounds due to their size and their
spatial distribution. However, vegetation patterns do not play a main
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Fig. 1. Location and settings of study sites. A) Location of observed sediments associated with carbonate nodules (circles) along the Sudano-Sahelian belt (MAP 900-500 mm/yr; FAO/
GIEWS, 2004); mean annual precipitation ranges are given for the three climatic zones. The black rectangle refers to the location of the Far North region of Cameroon. B) Far North region
of Cameroon map showing, from SW to NE, the Mandara Mountains, the Diamare piedmont, separated from the Yayres floodplain by a sand belt, and finally, Lake Chad. The stars represent
the study sites. They are located in the Mayo Tsanaga watershed, which belongs to the Chad Basin (large dashed-line; Olivry et al., 1996). Circles indicate the location of the clay-rich sed-
iment outcropping as mima-like mounds within stream networks (Google Earth observations, see Appendix Table A.1) and generally found in hardés areas or degraded soil areas reported
by Brabant and Gavaud (1985). C) Example of a Google Earth view (10°37’12.08"N, 14°11'13.55"E) showing regularly spaced (R = 1.72, over-dispersion, Clark and Evans, 1954, see ap-
pendix Fig. A.1) mima-like mounds outcropping in eroded areas between ephemeral streams. A beige alluvium surrounds them and less eroded areas display a reddish pediment
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role in their formation, whereas erosion processes do. Generally, mima-
like mounds are associated with sparse vegetation or none at all
(Figs. 2A, 3). Consequently, the conditions under which they form still
remain unclear.

The clay- and carbonate-rich association composing the mima-like
mound sediments was already described in the Diamare piedmont
(Martin, 1961; Sieffermann, 1963; Brabant and Gavaud, 1985; Morin,
2000) and also farther away in the Chad Basin (Erhart, 1954; Pias,
1962; Bocquier, 1973). Compilation of former and new field observa-
tions raises questions on the potential links that could exist between
these multiple locations. The clay-rich sediment, enriched in carbonate
nodules, can be interpreted as a layer (or multi-layer?) forming residual
mima-like mounds in highly eroded areas. Regarding the soils develop-
ing from this clay-rich parent material, there are mainly Planosol,
Solontez and Vertisol (Brabant and Gavaud, 1985). However, these
soils are often described and mapped as degraded soils (Brabant and
Gavaud, 1985). Interestingly, mima-like mounds are typically observed
in these degraded zones. This is consistent with their presence in eroded
areas. However, could pedogenesis have a specific role in their genesis?

The aim of this study is to characterize sedimentological and
geomorphological settings of mima-like mounds from the Far North
region of Cameroon and to propose a possible origin of their formation.
To achieve this goal, a multiple scale approach is used compiling
(1) field observations, (2) grain-size distribution and clay mineralogy
data at the mound scale, and (3) thin-section observations. Roles of
pedogenesis and later erosion in the formation of mima-like mounds
are investigated. Two main hypotheses are proposed: (i) mima-like
mounds observed in northern Cameroon are relics of Vertisols associat-
ed with a gilgai micro-relief; and (ii) they result from abiotic processes
related to the succession of pedogenesis and erosion-deposition phases
associated to Late Quaternary regional climatic changes. They may also
be useful as paleo-environmental records for the Late Pleistocene-
Holocene period in the Chad Basin.

2. General settings

Mima-like mounds are observed in the Diamare piedmont, spread-
ing between the Mandara Mountains and the Yayres floodplain
(Fig. 1B). The Mandara Mountains are mainly composed of granite and
gneiss. Metamorphic rocks (greenschist facies), known as the green
rocks of Maroua, constitute only a minor part of the massif around
Maroua (Brabant and Gavaud, 1985). The transition from the Mandara
Mountains to the Diamare piedmont is abrupt, with a decreasing slope
from about 10% to 2%, which is a typical dryland landform associated
with slopes and called pediment (Morin, 2000; Goudie, 2013). The
pediment infilling is heterogeneous and related to multiple pediment
generations resulting from Quaternary climatic variations (Morin,
2000). From the foot of the Mandara Mountains to the Yayres flood-
plain, the pediment evolves from a thin cover of weathered granitic
sand, to a colluvium, and finally to an alluvium with a grain-size distri-
bution skewed to finer sizes. However, these settings are complicated
by evidence of lateral changes, such as a clay-rich intercalation
pediment, possibly of palustrine origin, and in sand lenses resulting
from changes in the Mayo riverbed (Morin, 2000). The clay-rich pedi-
ment, with which carbonate nodules are often associated, outcrops
along the southern bank of the Mayo Tsanaga, or is overlain by either
alluvium (for example near Mora) or various generations of fersiallitic
pediments starting from the foot of granitic inselbergs, as observed
around Maroua and in the region of Kaele (Sieffermann, 1967; Morin,
2000). The clay-rich and carbonate-rich nature of mima-like mounds
(Fig. 2) suggests that they are associated to this clay-rich pediment.

Planosol is the main type of soil found in the Diamare piedmont
(Brabant and Gavaud, 1985). These soils are generally associated with
Solonetz and Vertisol depending on the topography, the latter being
favoured by hydromorphic conditions and developing in lower areas.
The particularity of these soils is that they are often mapped as degraded

soils. The local term used to emphasize soil degradation is hardé. This
term characterizes soils that are very compact, with low permeability,
and alkaline. These conditions make these lands sterile and only sparse
vegetation can grow on them. These areas are extensive and cover
886,500 ha (Brabant and Gavaud, 1985). The other soils found in the
region and not termed as hardé, are Cambisol, Ferralsol mainly located
east of Kaele, and Lithosol (Brabant and Gavaud, 1985). Interestingly,
the hardé characteristics listed above are also typical of mima-like
mounds (Fig. 2, Table 1). The hardé areas are not automatically associat-
ed with mima-like mounds but the latter are almost always found in
these specific areas (Fig. 1B).

According to the Képpen-Geiger climate classification (Peel et al.,
2007), the Far North region of Cameroon belongs to the hot (h =
mean annual temperature > 18 °C), steppic (S = mean annual precipita-
tion >5"Pynreshold' ), arid (B) climate type (BSh). Summers are generally
hot and there is a short well-marked wet season regulated by the mon-
soon. The weather station located in Salak (Fig. 1B) records an average
annual rainfall of 800 mm and an average annual temperature of
27.6 °C (L'Hote, 1998). The potential evapotranspiration is 2193 mm
and the dry season lasts for seven months with five months without
any rainfall (Mahop et al.,, 1995). From January to April, the region is
also marked by dry NE trade winds, called the Harmattan (L'Hote,
1998). Under these climatic conditions, streams are mainly ephemeral
and have a WSW-ENE-flow direction through the Diamare piedmont
from the Mandara Mountains to the Yayres floodplain. They belong to
the endorheic Chad Basin watershed, whose hydrological limits reach
the south of Maroua (Fig. 1B).

3. Material and methods
3.1. Sampling

Soil profiles are described according to the guidelines provided by
the Food and Agricultural Organization of the United Nations (FAO,
2006). Depth, percentage and components of the skeleton (>2 mm),
structure, relative abundance of carbonate (tested with 10% hydrochlo-
ric acid) and colour (determined in the field with a Munsell colour
chart) are given in Table 1. Samples were collected at two main sites
(Fig. 1B, stars). Trenches were opened through selected mounds. Soil
profiles were described each meter along the trench. The site investigat-
ed in 2013 is located along an affluent stream of the Mayo Tsanaga
(Fig. 1B). A trench 12 m long and 1.30 m deep was opened through a
well-developed mima-like mound (M1, Fig. 2B, C). Twelve soil profiles
(A to L, Table 1) were described and sampled at 5-cm intervals in the
first 10 cm from the top, and then every 10 cm. A second trench, 5 m
long and 1.30 m deep, was opened through a less well developed and
flattened mima-like mound partially buried by a coarse-grained alluvi-
um interfingering with the clay-rich sediment (M2, Fig. 4B). Five soil
profiles (N to R, Table 1) were described and sampled the same way
as in mound M1. A last profile (T, Table 1) was described in a fersiallitic
terrace (P, Fig. 4A) overlying the clay-rich sediment and sampled as in
mounds M1 and M2. The site investigated in 2012 is located along the
Mayo Tsanaga (Fig. 1B). A trench 7 m long and 1.30 m deep was opened
in a mima-like mound from centre to perimeter (M3). Seven soil pro-
files (S, U to AB, Table 1) made at 1 m intervals were sampled every
5 cm. This second site was investigated during a different fieldwork
campaign and soil descriptions are not as complete as at the first site
(Table 1, nd = no data). All samples were dried at 45 °C and sieved at
2 mm (fine earth fraction). A part of this fraction was crushed to a
powder with an agate mortar (grain-size <10 pm). Carbonate nodules
were collected as well, at various depths; some of them were crushed
with an agate mortar in order to have both small pieces and powders.

! Penreshold = 2 * Mean annual temperature (Peel et al., 2007).
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Fig. 2. A) Relationships between mima-like mounds and vegetation patterns. Generally, the clay-rich sediment is devoid of vegetation compared to surrounding sediments, and shows
sharp limits (dashed line), which makes it easily recognizable in the landscape. B) Mima-like mound M1 located along the Mayo' Tsanaga watershed (Fig. 1B, 2013 field observation)
surrounded by a fine alluvium and covered by carbonate nodules and Fe—Mn micro-nodules. C) Trench through the mima-like mound M1 composed by a yellowish-grey, clay-rich
and massive soil matrix. A few carbonate nodules (black square) and Fe—Mn micro-nodules (black circle) are also observed in the soil skeleton (>2 mm). Pictures taken in September

2013. ‘A term used to designate a stream in the Foulfoulde language. Nowadays, it is a local scientific term used as a synonym for ephemeral stream.

Soil samples were put in metallic boxes (8 x 8 x 4 cm) to make thin
sections (thickness = 30 um). They were collected from mounds M1,
M2, and profile P at specific depths (Table 1). Samples were wedged
in the best possible manner to keep the original soil structure.

3.2. Analytical methods

Measurement of pHy,o was performed on the 2-mm sieved soil
fraction. The soil was agitated in deionized water with a 1:25 soil to
water ratio during 2 h. The pH in the solution was then measured
with a lab pH meter (Metrohm SA).

Grain-size distributions were performed with the laser diffraction
method (Malvern™ Mastersizer 2000). Carbonate and organic fractions
were removed from the dried <2 mm soil fraction, using 10% hydrochlo-
ric acid (HCl) and 15-35% hydrogen peroxide (H,0,), respectively.

Finally, mineral particles were dispersed with Na-hexametaphosphate
(40 g/L). Samples are put in water suspension during the analysis
(Hydro 2000S module). Due to their compositional nature, a centred
log-ratio (clr) transformation was applied to the data:

Xp = In X
G(xi)

where, x,, is the transformed data, x; is the original data, and G the
geometric mean of the x; variable. Data resulting from the clr transfor-
mation were used to build a cluster tree by performing hierarchical
cluster analysis (CA). The groups were obtained using the Euclidian
distance between samples and the Ward algorithm for clustering. To
compare the dissolution silicate residue trapped in carbonate nodules
with the embedding soil matrix, this specific fraction was taken as a

[ Fersiallitic pediment  [Jl] Clay-rich sediment

Recent alluvium

Granitic Mountains = = = Ephemeral stream

Fig. 3. Mima-like mounds in the landscape. The clay-rich sediment outcrops as dark mima-like mounds at various stage in their development. Beige alluvium associated with ephemeral
stream systems surround them. The fersiallitic pediment is always observed overlaying the clay-rich sediment.
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Table 1
Soil profile descriptions according to FAO's (2006) descriptive codes for mima-like mound M1 (A to L), M2 (N to R), M3 (S to AB) and the fersiallitic pediment (T). Horizons marked in bold
represent the locations where samples were collected to make thin sections. The pHy;20 was measured in the lab with a pH meter.

Mima-like mound Horizons Depth (cm) Structure® Skeleton (%) Skeleton composition® Munsell colour (moist) CaCO5%¢ PHu20
M1 AH1 0-9 SG + AB 0 - 2.5Y5/6 2-10 8.9
AH2 9-24 AB + MA 1 0x/Cnod 2.5Y6/4 2-10 8.9
AH3 24-44 AB + MA 1 0x/Cnod 2.5Y6/4 0-2 8.8
AH4 44-59 MA 0 - 2.5Y5/6 0-2 8.9
BH1 0-5 AS + SG 0 - 2.5Y5/6 2-10 8.6
BH2 5-24 MA 0 - 2.5Y5/4 10-25 9.0
BH3 24-64 MA 1 Cnod 2.5Y6/6 0-2 8.9
CH1 0-1 AS 1 Ox 2.5Y5/4 >25 8.8
CH2 1-9 AS + MA 5 Cnod>Sil/ox 2.5Y6/4 0-2 8.9
CH3 9-29 MA 1 Cnod 2.5Y5/4 10-25 9.1
CH4 29-76 MA 1 Sil 2.5Y6/4 0-2 9.0
DH1 0-3 AB 1 Cnod 2.5Y5/4 10-25 9.1
DH2 3-24 MA 1 0x/Cnod 2.5Y5/4 0-2 9.1
DH3 24-60 MA 1 Cnod 2.5Y5/4 0-2 9.1
DH4 60-100 MA + SG 1 Cnod 2.5Y6/4 nd 8.8
EH1 0-5 AS 5 0x/Cnod 2.5Y4/4 >25 8.9
EH2 5-34 MA 10 0x/Cnod 2.5Y6/4 0-2 9.1
EH3 34-114 MA 15 0x/Cnod 2.5Y6/4 0-2 8.9
FH1 0-10 AS 3 Cnod > Ox 2.5Y5/4 10-25 8.7
FH2 10-37 MA 2 Cnod 2.5Y6/3 0-2 9.1
FH3 37-54 MA 15 Cnod 2.5Y5/4 0-2 9.6
FH4 54-100 MA 20 Cnod 2.5Y5/4 0-2 9.1
FH5 100-120 MA 5 Cnod 2.5Y5/4 0-2 8.7
GH1 0-7 AS 2 Ox 2.5Y6/3 10-25 8.6
GH2 7-32 MA 2 0ox 2.5Y6/3 10-25 9.2
GH3 32-112 MA 15 Cnod 2.5Y5/4 2-10 9.1
GH4 112-128 MA 1 Cnod 2.5Y6/3 0-2 8.9
HH1 0-7 AS + MA 2 Ox 2.5Y5/4 10-25 9.1
HH2 7-96 MA 10 Cnod 2.5Y5/3 2-10 9.2
HH3 96-120 MA + AS 5 Cnod 2.5Y5/4 0-2 9.0
[H1 0-20 MA 5 Ox/Cnod 2.5Y6/4 0-2 8.5
[H2 20-100 MA 0 - 2.5Y6/5 0 9.0
JH1 0-17 MA 0 - 2.5Y6/3 0 8.7
JH2 17-69 MA 1 Cnod 2.5Y6/3 0 9.0
KH1 0-5 AS 1 Cnod 2.5Y5/4 2-10 8.5
KH2 5-35 MA 0 - 2.5Y6/2 0 83
LH1 0-35 MA 0 - 2.5Y6/2 0 85
M2 NH1 0-8 AS 3 Cnod 2.5Y6/3 0-2 9.3
NH2 8-41 MA 2 Cnod 2.5Y6/4 0-2 9.5
NH3 41-115 MA 10 Cnod nd 0-2 9.5
OH1 0-7 AS 5 0Ox/Cnod 2.5Y6/4 0-2 9.2
OH2 7-39 MA 15 Cnod 2.5Y5/3 10-25 9.2
OH3 39-110 MA 15 Cnod 2.5Y5/4 0-2 9.4
PH1 0-13 AB + SG 2 Cnod 2.5Y6/4 >25 8.1
PH2 13-45 SG 70 Mix 2.5Y6/4 0-2 9.1
PH3 45-100 MA 5 0x/Cnod 2.5Y6/4 >25 9.2
QH1 0-3 SG + AS 70 Mix 10YR4/3 0 8.0
QH2 3-50 SG 70 Mix 10YR4/4 0 8.1
QH3 50-70 MA 2 0x/Cnod 2.5Y6/4 0-2 7.9
QH4 70-100 MA 1 0Ox/Cnod 2.5Y6/3 2-10 8.5
RH1 0-2 SG 70 Mix 7.5YR3/3 0 7.5
RH2 2-34 SG 70 Mix > Sil 10YR5/6 0 7.8
RH3 34-67 SG 70 Mix > Sil 10YR4/4 0 83
RH4 67-83 AS 50 Mix 2.5Y6/4 0-2 8.5
RH5 83-95 MA 70 Mix 2.5Y5/4 0-2 8.2
RH6 95-100 MA 2 0x/Cnod 2.5Y5/4 0-2 8.2
P TH1 0-6 SG 0 - 10YR4/6 0 7.2
TH2 6-21 AS 1 Sil 10YR4/4 0 7.4
TH3 21-42 AS 2 Sil/Ox 10YR4/6 0 7.7
TH4 42-54 AS 3 Ox 10YR4/6 0 7.8
TH5 54-105 MA 3 Ox 2.5Y5/6 0-2 8.0
M3 SH1 0-10 SG + AB nd nd nd 10-25 9.3
SH2 10-70 AB + PR nd nd nd 0-2 9.2
SH3 70-100 AB + MA nd nd nd 2-10 9.3
SH4 100-120 AB + MA nd nd nd 0-2 9.3
UH1 0-16 SG + AB nd nd nd >25 9.2
UH2 16-50 AB + PR nd nd nd 10-25 9.3
UH3 50-110 AB + MA nd nd nd 10-25 9.3
WH1 0-4 SG + AB nd nd nd 10-25 9.3
WH2 4-80 AB + PR nd nd nd 2-10 9.3
WH3 80-100 AB + MA nd nd nd 2-10 9.3
XH1 0-10 SG + AB nd nd nd >25 9.1
XH2 20-40 AB + PR nd nd nd 10-25 93

(continued on next page)
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Table 1 (continued)

Mima-like mound Horizons Depth (cm) Structure® Skeleton (%) Skeleton composition® Munsell colour (moist) CaCO5%¢ PHi20
XH3 40-70 AB + MA nd nd nd 10-25 9.4
YH1 0-10 AB nd nd nd >25 9.3
YH2 10-30 AB + PR nd nd nd 2-10 94
YH3 30-60 AB + PR nd nd nd 10-25 9.4
ZH1 0-20 SG + AB nd nd nd 2-10 9.4
ZH2 20-58 AB + PR nd nd nd >25 94
ABH1 0-14 SG + AB nd nd nd 2-10 9.5
ABH2 15-50 AB + PR nd nd nd 2-10 9.5

nd = no data.

2 SG = single grained, AB = angular blocky, AS = angular and subangular blocky, MA = massive, SAB = sub-angular blocky, PR = prismatic.

b Soil fraction >2 mm.

¢ Ox = Fe-Mn oxide, Cnod = carbonate nodule, Sil = silicate, Mix = mixed composition (Ox, Cnod and Sil).

4" Carbonate reaction to HCl 10%, estimation of carbonate content.

group without going through clr and CA processing. Each cluster is
represented by its median and standard error of its median (Omedian):

o
Omedian = 1253%

where, 0'is the standard deviation of samples composing a cluster and n
the number of samples composing each cluster. For graphical reasons,
the data are logarithmically transformed into phi (&) values using the
expression proposed by Krumbein in 1934 (Blott and Pye, 2001):

¢ =—log,d

where, d is the grain-size in millimetres. Clay percentage interpolation
(n = 89) was performed using a cubic interpolation with Matlab
(R2014a 8.3.0.532).

X-ray Diffraction (XRD) analyses were performed with both <2 um
and 2-16 pm fractions. Carbonate was removed from dried 2 mm-
sieved soil samples with 10% HCl in an ultra-sonic bath for 3 min. The re-
sidual fraction was washed in order to remove the excess HCl. Separation
of the <2 pm and 2-16 pm fractions was performed by centrifugation and
deposited on separate glass plates. Five samples per cluster resulting
from the CA analysis were selected and prepared for XRD analyses,
which were performed using an ARL Xtra diffractometer (Thermo).
Clay minerals were identified according to their diffraction properties,
i.e. the spacing (d) between rows of atoms and the angle of incidence
(6), defined by Bragg's law:

2dsin® = n\

where, n\ is the number of wavelengths (Moore and Reynolds, 1997).
The software PeakFit™ (Systat Software Inc.) was used to deconvolve
two parts of the diffractograms in order to discriminate between the
different components combined in the signal (Velde and Meunier,
2008). The first part ranges from 4°26 to 11°26 and refers to smectite,
illite and interlayered illite-smectite. The second part ranges from
23°26 to 26°26 and refers to the second peak of kaolinite and the fourth
peak of the chlorite, which are overlapping. Kaolinite and chlorite were
calculated as follows:

N K002
Kaolinite (cps) = CK001 = (m>
. €004
Chlorite (cps) = CK001 « (W)

where, CK0O1 is the first peak of the kaolinite overlapping the second
peak of chlorite occurring at about 12.5°26, K002 is the second peak of
the kaolinite occurring at about 24.2°26, and C004 is the fourth peak of
chlorite occurring at about 25.1°26 (Moore and Reynolds, 1997).

The signals were first smoothed and deconvolved with the residue
method using the Pearson VII operator. Relative percentages were

calculated for smectite, illite, chlorite and kaolinite. However, only the
results for smectite and kaolinite clay minerals are presented in this
study.

3.3. Thin section descriptions

Thin section observations are used to identify pedogenic processes
involved in the mima-like mound formation and to highlight the differ-
ences between sediments observed in the landscape. Thin section
descriptions are performed according to the guidelines given in Stoops
(2003). Particular attention is paid to the groundmass and the identifi-
cation of pedofeatures, as they indicate lithology and weathering
processes, as well as past and present pedogenic processes, respectively
(Stoops, 2003). The characterization of the b-fabric, which is based on
the patterns of orientation and distribution of interference colours in
the soil micro-mass, is the main descriptor of groundmass, whereas,
coatings, infillings, and nodules are mainly considered as pedofeatures
(Stoops, 2003). Descriptors such as size, abundance, boundary, sorting,
shape, sphericity, roughness, roundness, orientation, mineralogy, and
colour, are used to differentiate the fabric units and patterns. The c¢/f
related distribution, which is the ratio between individual fabric units,
small fabric units, and associated pores (Stoops and Jongerius, 1975),
is used to describe the relationships between coarse and fine elements
of the fabric.

4. Results
4.1. Field and soil descriptions

The studied mima-like mounds are located in the Mayo Tsanaga
granitic watershed (Fig. 1B). They are distributed within stream networks
and are regularly spaced (Fig. 1C) with R = 1.72 (see Appendix, Fig. A.1)
meaning over-dispersion (Clark and Evans, 1954). They are easily identi-
fied because of their sparse vegetation cover (Fig. 2A) and their darker
colour (Fig. 3). The size of the mounds is up to 10 m in diameter and up
to 1 m in height (Fig. 2B). Their nature can be referred to as the clay-
rich pediment layer described by Sieffermann (1967) and Morin (2000),
to which carbonate nodules are often associated (see Section 2).

Field observations showed that mima-like mounds have various
heights; some are flattened, whereas others have whaleback morphol-
ogies (Fig. 4A, B). A fine beige alluvium surrounds all the various types
of mima-like mounds (Figs. 3, 4C). In less eroded and well-preserved
areas, a red-brown fersiallitic pediment, described by Sieffermann
(1967) and Morin (2000), overlies them (Figs. 3, 4A). Some flattened
mima-like mounds are also partially buried by a coarse alluvium
interfingering with the clay-rich sediment (Fig. 4B). The various observed
morphologies are undoubtedly related to the intensity of erosion process-
es (Fig. 4). The peculiarity of mima-like mounds is that their surface is
completely covered by carbonate nodules (2 cm < diameter < 10 cm)
and Fe—Mn micro-nodules (Fig. 2B). These nodules can also be found
in deeper horizons (Fig. 2C, Table 1).
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Fig. 4. Field relationships between clay-rich sediment morphologies and erosion intensity. The drawing represents a cross-section of the various sediments observed in the landscape and
the relationships to each other. The pictures illustrate four different situations represented in the drawing (black rectangles). A) Detail of the fersiallitic pediment overlaying the clay-rich
sediment (profile P). B) Example of a flattened mima-like mound (M2) in contact with a coarse alluvium interfingering the clay-rich sediment. C) Detail of the contact between the fine
alluvium and the mima-like mound M1. D) Clear contact between a mima-like mound and the granitic bedrock. The thickness of the clay-rich sediment and its contact with a deep
ferruginous duricrust described in the literature and/or the bedrock saprolite were not observed during the fieldwork. The clay-rich sediment outcrops as flattened mima-like mounds,
whaleback morphologies, or mima-like mounds depending on the intensity of erosion. A fersiallitic pediment buries mounds in less eroded parts of the landscape.

In the studied areas, the thickness of the clay-rich sediment compos-
ing mima-like mounds is still unknown, as its base could not be reached.
However, according to Morin (2000), it can be up to several meters
(about 6 m) in the northwestern area of Mora. Nevertheless, field obser-
vations suggest that this clay-rich sediment has no genetic relationship
with the granitic bedrock. Morin (2000) reported the following
sedimentary and lithological succession in the region, from top to
bottom: (i) clays with sand lenses, corresponding to the sediment
composing the mima-like mounds, on (ii) a ferruginous duricrust,
overlaying (iii) a saprolite directly developed from the cratonic rocks.
However, the clay-rich sediment seems genetically related neither to
the ferruginous duricrust nor the granitic bedrock. A mima-like
mound deposited directly with a sharp unconformity on granitic insel-
bergs emphasizes the lack of any kind of causal relationship (Fig. 4D).
However, more arguments are needed to strengthen this assumption.

Twenty-seven soil profiles were described along the trenches and
descriptions are given in Table 1. The soils contain a very small amount
of organic matter (<1%) and are essentially mineral (Fig. 5). The struc-
ture is single grain to angular blocky in the surficial horizons, becoming
angular blocky to prismatic or massive with depth. Some vertical cracks
are visible in mound M3 below 10 cm (Fig. 5A, B, arrows). Mound M1
shows some preferentially orientated cracks, such as in profile D
(Fig. 5C, top, arrows). However, the structure of M1 is angular blocky
to massive in depth (Fig. 5C top, ped), and vertical cracks are locally
visible but to a lesser extent compared to M3 (Fig. 5C, bottom, arrow).
Carbonate nodules (Fig. 5, white squares) and Fe—Mn oxides compose
the skeleton; soil colour is yellowish-grey and pHyyo is alkaline
(8 < pHuoo < 10). The fine earth reacts to HCl indicating the presence of
diffuse carbonate (Table 1). However, the coarse alluvium interfingering

the clay-rich sediment in mound M2 has a single grained structure with a
skeleton composed of silicate minerals, mainly quartz and feldspars,
and a dark yellowish brown soil colour. The fine earth does not, or only
weakly, react to HCl and pHyao is 7 < pHuoo < 8. The dark brown
fersiallitic pediment has a sub-angular blocky structure with a skeleton
composed of silicate minerals. The fine earth does not react to HCl, and
PHhu2o is around 7. However, the lower part of the fersiallitic pediment
displays the same properties as the mima-like mound soils, with a
massive structure, a yellowish-grey soil colour, a pHy20 > 8 and a fine
earth weakly reacting to HCL.

4.2. Grain-size distribution

Cluster analysis of grain-size distributions of all sediment samples
(Fig. 6) generates seven clusters (with a cophenetic correlation
coefficient of 0.54, n = 207). Each cluster is represented by its median
(Fig. 6, black lines) and its associated standard error (Fig. 6, grey-
shaded areas). The median and its error are plotted as an independent
cluster (n = 10, no clr and no CA processing) for the silicate residue
trapped within the carbonate nodules, for comparison with other sedi-
ments. Six main modal classes (mc;) have been recognized (Fig. 6):
mc,) coarse-medium sands, mc,) medium-fine sands, mcs) very fine
sands-coarse silts, corresponding to the desertic loess window (Crouvi
et al,, 2010), mc,) fine silts, mcs) coarse clays, and, finally, mcg) fine
clays. These modal classes display various relative amplitudes and are
used to characterize each cluster type.

The samples belonging to mound M3, especially those found on
the lower edge of the mound, are in the first cluster (n = 18). Cluster
1 is characterized by five modal classes, listed from higher to lower
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Fig. 5. Soils observed in mima-like mounds. White squares highlight some carbonate nodules inside the soil profiles. A) Soil profile Y in mima-like mound M3. The structure is angular
blocky from surface to 10 cm deep and angular blocky to prismatic below 10 cm (dashed line limit). Below 10 cm, slickensides are well developed and associated with vertical cracks
(arrows). B) Soil profile W in mima-like M3. The structure is single-grained to angular blocky in the first 10 cm and angular blocky to prismatic below. Slickensides are also visible
with vertical cracks (arrows). C) Top photo: soil profile D in mound M1. The structure is angular blocky in the first 30 cm and some preferentially oriented cracks are visible (arrows).
The structure is massive below 30 cm and peds are blocky, although cracks are less visible. Bottom photo: soil profile J in mound M1. The structure is massive. Cracks, visible in the
lower part of the profile, are not well developed (arrows). Pictures of mound M3 were taken in July 2012 and mound M1 in September 2013.

amplitudes: mcs > mcs > mc; > mc,4 > mce. The second cluster (n = 21)
is fairly similar to cluster 1, with the same five modal classes character-
ized by similar amplitudes, except mc;, which is shifted toward the
coarse sands. It groups samples from the upper edge of mound M3
and from both convex sides of mound M1. Cluster 3 (n = 41) groups
samples from the surface of mound M1 and five modal classes are iden-
tified: mcs =~ mcs > mc; > mc4 > mcg. The alluvium deposited on the
sides of mounds M1, M2, M3, and the transitional part between the
fersiallitic pediment and the clay-rich sediment in P, are represented
by cluster 4 (n = 16). This cluster is characterized by four modal classes:
mCc; > Mc3 > MCs > Mc4. Samples from the core of mounds M1, M2, and
the deeper part of P are grouped in cluster 5 (n = 54). This cluster is
characterized by five modal classes: mcs > mcs > mcy > mc; > MCg.
Cluster 6 (n = 52) is fairly similar to cluster 5, except that mc; mode
is shifted toward very coarse sand. Samples from the core of M3 are
found in this cluster. Finally, surficial horizons from the fersiallitic
pediment P are displayed in cluster 7 (n = 5), with the following
mode amplitudes: mcz > mc, > mc,4 > mcs. The carbonate nodule residue
group (n = 10) is characterized by the following 4 modes listed from
higher to lower amplitudes: mcs; > mcs > mc,4 > mcy.

Table 2 summarizes the mean, the minimal and maximal values of
the clay, silt and sand contents (%) for each cluster and for the silicate
residue trapped inside the nodules. The maximal clay proportions in
the clay-rich sediment are >30% and can reach 67% (e.g. in cluster 2).
However, the clay content can also be fairly low, e.g. in clusters 3, 5,

and 6. In clusters 5 and 6, mean values are close to 20%. As expected,
alluvium and fersiallitic pediment have high proportions of sand, i.e.
47.6 + 6% and 63.2 4 10.1% in average, respectively. The silt-fraction
is high, between 30 and 55% in all the clusters. The silicate residue
trapped inside the nodules has a high silt fraction content (52.2 +
3.5%) and displays a maximal clay value of 39.2%. The sand proportion
is around 20%.

At the mound scale, highest proportions in the clay fraction (50-
70%) are found in both convex sides and in the deepest layers of
mound M1 (Fig. 7, mound M1 see Fig. 2B). The lowest values of clay
content (<20%) are concentrated in a belt located in the middle part of
the mound and at both extremities.

4.3. Clay mineralogy

Smectite and kaolinite are the main clay minerals composing the
clay-rich sediment, the alluvium, and the silicate residue trapped in
the carbonate nodules, whereas kaolinite is clearly dominant in the
fersiallitic pediment (represented by cluster 7; Table 2). Regarding the
smectite/kaolinite ratio (S/K) of samples belonging to each grain-size
cluster and carbonate nodule residues (Table 2), their mean values are
above 1 in clusters 1, 6 and for carbonate nodule residues. They range
from 0.5 to 1 in clusters 2, 5, and 4, and are <0.5 in clusters 3 and 7. In
terms of absolute values, the lowest S/K is about 0.04 in the fersiallitic
pediment. High ratio values are <1 in clusters 3 and 7, between 1 and



N. Diaz et al. | Geomorphology 261 (2016) 41-56 49

Grain size (um)
1000 250 62.5 15.6 3.9 0.97 0.24 0.06
) | Clays
coarse | fine |

Cluster 1 |
n=18

0 12

4} Cluster 2
n=21

— 0
r 4
Cluster 3 |

n=41

0

Cluster 5
n =54

Cluster 6 {4
n=>52

Cluster 4
n=16

Cluster 7
n=5

Relative percentage
N

6 8 10 12 14 16
® scale

—— Median

mmm  SE of the median

Fig. 6. Grain-size distributions grouped in seven clusters represented by their median
(black line) and its associated standard error (grey-shaded areas). The clusters were
processed according to the Euclidian distance between the samples (n = 207) using the
Ward agglomeration algorithm (with a cophenetic correlation coefficient of 0.54). Data
were previously transformed using the centred log-ratio method. Six modal classes
(mg;) are identified. Their respective presence and amplitudes are used to characterize
each cluster. The dark rectangle around 4 & represents the desertic loess window (20-
80 um) according to Crouvi et al. (2010). The cluster representing the silicate residue of
carbonate nodules (n = 10) has not been included in the hierarchical clustering analysis
in order to directly compare this particular group with other sediments from the
landscape. In order to provide a maximum of information, the descriptive terminology
used for sands and silts is adapted from the GRADISTAT program (Blott and Pye, 2001)
and the one for the clays from the United States Department of Agriculture. Abbreviations:
v for very, c for coarse, m for medium and f for fine.

1.5 in clusters 2, 5, 6, and 4, and finally <2 in cluster 1 and in carbonate
nodule residues.

4.4. Soil micromorphology

Soil thin sections from mound M1 were sampled between 10 and
18 cm and 90-98 cm, respectively (Fig. 8A, B). Thin sections were also
made in coarse and fine alluvium sediments (Fig. 8C, D, respectively),
and the fersiallitic pediment (Fig. 8E, F).

The aggregate microstructure of the soil composing the mima-like
mound (Fig. 8A) is angular blocky, with long horizontal and vertical
channel voids between aggregates. The groundmass is composed of
a very fine and unrecognizable clay fraction, with a pale yellow and
striated b-fabric (Fig. 8A, white arrows). The cross-striated nature of
the b-fabric is better observed at higher magnification (Fig. 8B, white
and grey arrows). The groundmass also includes a coarse silt fraction:
the grains are essentially composed of quartz and sparse epidote,

feldspar, and biotite. The grains display a weakly weathered pattern,
with a high sphericity, smooth edges, but an angular roundness.
The two major pedofeatures are Fe—Mn oxyhydroxide nodules and car-
bonate nodules. They both are disorthic nodules, enclosing skeleton
grains of similar nature to their surrounding matrix, but with sharp
boundaries.

The coarse alluvium partially burying the flattened mound M2 was
sampled between 23 and 30 cm for thin sections (Fig. 8C). Peds are
subangular blocky. The groundmass is yellowish-brown, displayed as
coatings around mineral grains but also as broken coatings floating
between the grains (Fig. 8CII). The coarse material is sandy and com-
posed of microcline, quartz, epidote, biotite, and feldspars. The only
pedofeature is an anorthic Fe—Mn oxyhrydroxide nodule. Finally, the
c/f related distribution is chitonic.

The structure of the fine-grained alluvium surrounding mound M1
(2-10 cm) is horizontal and laminated (Fig. 8D). The coarse fraction
(mainly silt-sized) in the groundmass is well sorted and composed
of quartz, feldspars, epidote, and biotite. There is no fine material in
the groundmass, except that associated with some rare relic peds
(yellowish-brown b-fabric). Anorthic Fe—Mn oxyhydroxide nodules
and fibrous organic components are the only observed pedofeatures.
Finally, the c/f-related distribution is coarse monic.

The structure of the peds in the fersiallitic pediment (40-48 cm) is
angular blocky (Fig. 8E). The colour of the groundmass varies from
pale yellow to yellowish-red. It is granostriated and porostriated, and
coatings are randomly orientated. Two classes of grain-sizes are
observed, one in the fine silt fraction and another in the fine sand
fraction. Grains are mainly quartz and feldspars (weakly weathered),
with a smooth angular shape. Epidote and biotite are also present as
accessory minerals.

The b-fabric of the groundmass in the fersiallitic pediment (between
14 and 20 cm) is granostriated and its colour varies from yellow to red
(Fig. 8F). There are two major grain-sizes, a fine silt and a fine sand frac-
tion. In the silt fraction, angular quartz and feldspar grains are mainly
smooth. The sand fraction displays the same mineralogy, with smooth-
and subangular-shaped grains. Both fractions are weakly weathered.

5. Discussion

The presence of mima-like mounds in eroded areas from the land-
scape supports that erosion processes are involved in their morphology.
Field observations show that vegetation patterns do not have a role in
mound formation (Figs. 2A, 3). The question of another biotic factor
(termite activity?) may be involved is not totally ruled out, especially
as the over-dispersion spacing of the mounds may support a biotic
origin (Cramer and Midgley, 2015). Nevertheless, up until now,
observations pointed to an abiotic origin for mima-like mounds from
northern Cameroon. Interestingly, the clay- and carbonate-rich sedi-
ment composing mima-like mounds has already been described. It
was observed (i) at various depths in all the Diamare piedmont (i.e. in
the Mora and Kaele plains), (ii) outcropping on the southern bank of
the Mayo Tsanaga (Sieffermann, 1967; Brabant and Gavaud, 1985;
Morin, 2000), and (iii) was even observed farther away in the Chad
Basin between the Logone and Chari rivers (Erhart, 1954; Pias, 1962;
Bocquier, 1973). Consequently, these repeated occurrences have led
this sediment to be interpreted as an extended layer, possibly associated
to a specific regional deposition event (aeolian, palustrine?). But how
can mound morphologies be explained? Another interesting point is
that mima-like mounds systematically occur in areas described as
hardés or degraded soil (Fig. 1B), questioning the role of pedogenesis
in their formation.

5.1. Mima-like mounds as Vertisol relics

Vertisols are clay-rich soils with a content >30% in the <2 pum size
fraction (Wilding, 2004; Southard et al., 2011; FAO, 2014). The smectitic
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Table 2

Mean percentages, standard errors of the mean (SEM), minimum (min) and maximum (max) clay, silt, and sand contents (relative %), smectite, and kaolinite contents (relative %), and

ratios of smectite/kaolinite (S/K) in each cluster and silicate residue of carbonate nodules.

Clay-rich sediment Alluvium Fersiallitic pediment Residue
Cluster 1 Cluster 2 Cluster 3 Cluster 5 Cluster 6 Cluster 4 Cluster 7 -
n 18 21 41 52 54 16 5 10
Clay (%) Mean 49.5 524 39.2 239 228 12.0 4.5 26.2
SEM 22 22 14 1.0 1.0 1.0 0.8 2.8
Min value 36.7 455 28.1 14.0 9.1 7.6 33 221
Max value 56.2 67.0 48.6 35.0 33.0 16.4 6.3 39.2
Silt (%) Mean 40.6 343 42.1 46.0 55.0 404 323 522
SEM 19 14 13 0.8 1.1 3.0 3.9 35
Min value 345 26.0 353 40.2 48.0 323 25.7 293
Max value 53.0 39.7 514 52.8 68.4 55.3 39.5 479
Sand (%) Mean 9.8 133 18.7 30.1 22.2 47.6 63.2 21.6
SEM 0.8 12 1.0 14 0.9 6.0 10.1 3.0
Min value 7.1 7.1 14.2 22.1 16.0 371 54.2 10.6
Max value 14.9 17.0 224 41.6 294 53.7 70.9 204
n 5 5 5 5 5 5 3 12
Smectite (%) Mean 429 304 25.1 29.8 40.7 338 12.2 46.0
SEM 8.9 3.6 2.8 73 2.8 4.6 0.8 4.2
Min value 15.8 20.2 14.1 4.5 35.0 238 10.2 24.1
Max value 70.1 424 29.1 47.9 48.4 49.4 13.1 71.5
Kaolinite (%) Mean 374 454 48.1 46.7 40.2 46.1 54.1 30.6
SEM 4.6 1.9 19 4.1 2.1 2.9 3.1 23
Min value 214 40.5 43.1 355 35.9 34.9 48.9 16.2
Max value 46.8 49.2 53.5 60.4 46.7 50.4 60.9 441
S/K Mean 14 0.7 0.5 0.7 1.0 0.8 0.2 1.8
SEM 04 0.1 0.1 0.2 0.1 0.1 0.1 02
Min value 0.4 0.4 0.3 0.5 0.8 0.4 0.0 0.7
Max value 29 1.0 0.6 13 13 1.2 0.3 3.8

group of swelling clays (e.g. montmorillonite) represents the main soil
clay mineralogy. Consequently, soils swell and shrink when they under-
go marked changes in their soil moisture content (Hubble, 1984; Dudal
and Eswaran, 1988; Mermut et al., 1996; Southard et al., 2011). Swell-
shrink processes induce important volume variations in the soil
(Southard et al., 2011). They can shape the ground surface with an alter-
nation of knolls and depressions, known as gilgai micro-relief (Prescott,
1931; Oakes and Thorp, 1950; Hallsworth et al., 1955; Mermut et al.,
1996). They also lead to characteristic macro-features in the solum,
such as vertical cracks, slickensides (or grooved shear planes), and cyclic
horizons, organized in micro-low, micro-high, and intermediate parts at
all depths (Wilding and Tessier, 1988; Eswaran et al., 1988; Wilding
et al,, 1990). The presence of a vertic horizon characterized by these
macro-features is needed to define a soil as a Vertisol (FAO, 2014).
According to Wilding et al. (1990), micro-lows have deep A and Bss
horizons, while micro-highs have a thin A horizon, without any Bss ho-
rizons. When present, a Bk horizon in the micro-highs is characterized
by a higher content in hard secondary carbonate than in micro-lows.
Today, climatic conditions in northern Cameroon (see Section 2) are
favourable for Vertisol genesis. In terms of their global distribution,
about 60% are found in the Tropics (Wilding, 2004). Brabant and
Gavaud (1985) described and mapped some Vertisols in the Diamare,
but most of them are in the south bank of the Mayo Tsanaga, near
Kaele, or downstream near the sand belt. In the studied sites where

mima-like mounds are observed, Planosol, associated with Solonetz, is
generally the soil type. However, independently of the nature of soil,
the striking feature is that mima-like mounds are observed in degraded
areas (hardés). Soil descriptions, grain-size distributions, clay mineralo-
gy, and thin-section observations suggest that mima-like mounds can
be interpreted as degraded Vertisols or Vertisol relics, which could
possibly have evolved toward Planosol or Solonetz.

Soil observations demonstrate that cycling and vertical cracks are
present in some parts of the mima-like mounds (Fig. 5). Vertical cracks
are observable in the mound M3 (Fig. 5A, B). In soil profile D (M1), what
can be interpreted as a Bss horizon seems to have been truncated
(Fig. 5C, top). Interestingly, the clay content in micro-lows can be slight-
ly higher than in micro-highs (Yule and Ritchie, 1980; Mermut et al.,
1996). The truncated Bss horizon is located on the perimeter of the
mound M1, where the clay fraction reaches 67% (Profile D, Fig. 7). It
may thus be interpreted as an ancient micro-low. Cracks are less visible
in the profile J (Fig. 3C, down) compared to what is seen in M3. This
could be due to the season in which the pictures were taken. In M3,
they were taken during the dry season of July 2012 and in mound M1
in September 2013, during the wet season. The cracks generally occur
during the dry season; it is likely that they were less visible in September.
Nevertheless, the soil structure observed in mima-like mounds is typical
of swell-shrink processes. Fe—Mn oxides and carbonate nodules are
significant components of mima-like mounds (Fig. 2B, C) and they are
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Fig. 7. Distribution of the clay-size fraction (%) in mima-like mound M1 according to a cubic interpolation (n

= 89). Capital letters refer to profile names.
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Fig. 8. lllustrations of soil thin sections from the various sediments composing the landscape. The black arrow refers to the top. Following abbreviations are used: ox for Fe—Mn oxide
nodule, nod for carbonate nodule, fd for feldspar, mcl for microcline, gtz for quartz, ep for epidote, b for biotite, OM for organic matter and Fe-cl for iron-clay coating. A) Mima-like
mound (M1) between 10 and 18 cm: the groundmass is pale yellow and has a striated b-fabric, whose orientation is illustrated by the white arrows (cross-polarized light). B) Mima-
like mound (M1) between 90 and 98 cm: the grey and white arrows show the cross-striated and striated orientation of the groundmass, respectively (cross-polarized light).
The striated and cross-striated nature of the b-fabric in the mima-like mounds (A and B) can be referred to as slickensides, which are typical features resulting from shrink-swell
processes. C) Coarse alluvium interfingering the clay-rich sediment in M2 (23-31 cm): a broken coating is shown in a white box (cross polarized light); the c¢/f related distribution is
chitonic with a fine yellow birefringence layer surrounding all minerals. D) Fine alluvium (2-10 cm) surrounding M1: several horizontal deposits are shown and highlighted by black
dashed-lines; relict peds (shown by white arrows) show a c/f single-spaced porphyric, (plane-polarized light) and are found in a c/f coarse monic material. E) Fersiallitic pedolith
between 40 and 48 cm (cross-polarized light): the groundmass varies from yellow to yellowish-red and coatings are randomly orientated. F) Fersiallitic pedolith between 14 and
21 cm (cross-polarized light): the groundmass is yellow to yellowish-red and displays a granostriated b-fabric. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

known to be common features in Vertisols (Wieder and Yaalon, 1974;
Ahmad, 1983). Regarding grain-size distributions and clay mineralogy
of the soil residue trapped in carbonate nodules, it is similar to the sur-
rounding soil (Fig. 6, Table 2). Consequently, these nodules are second-
ary pedogenic carbonate nodules precipitated inside the mima-like
mound soil matrix. However, in Vertisols, secondary carbonate nodules
are generally observed in the Bk horizon, which occur at about 20 cm
deep in micro-highs, or about 100 cm deep in micro-lows (Wilding
et al., 1990; Kovda et al., 2003, 2006). In mima-like mounds, even if
some nodules are observed in deep horizons, they accumulate in large
amounts at the surface, forming a cover (Fig. 2B, C). It is likely that the

erosion of the surficial horizons, leaving only the Bk horizon at the
surface, explains this surficial nodule accumulation.

Regarding the grain-size distributions and the clay mineralogy in
mima-like mounds, they are similar to what is generally expected in
Vertisols. The clay content in mima-like mounds is high, with an aver-
age proportion of 32% (standard error of the mean = 0.935, n = 186)
and with maximum values reaching 67% (Table 2). In addition, they
contain a high proportion of smectite (Table 2), which is significantly
higher than in the overlaying fersiallitic pediment (mean S/K ratio =
0.2 + 0.1). However, even if these components seem to be key features
of the sediment forming mima-like mounds, they do not strictly
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correspond to Vertisol characteristics. First of all, in some cases, the clay
content can be <30% (Table 2). The grain-size distribution shows that
coarse clays are more abundant that fine clays, which is generally the
opposite in Vertisols well-structured (McGarry, 1996). Moreover, kao-
linite can be the main clay mineral composing the clay-size fractions,
which is often the case at the mound surface (cluster 3, Table 2). But a
potential and progressive denaturation of smectite or an exogenic and
aeolian contribution can explain this. Regardless of the reasons why
kaolinite is dominant, these observations show that smectite is not al-
ways the main clay mineral in the clay-rich sediment, whereas it should
be in Vertisol (Coulombe et al., 1996a). At the microscale, the b-fabric is
striated to cross-striated (Fig. 8A, B), which is common in clay-rich soils
subject to shrink-swell processes (Dalrymple and Jim, 1984; Jim, 1990).
These features are particularly observed in mima-like mounds and
absent in the alluvium or the fersiallitic pediment. All these observa-
tions point to Vertisols, but not exclusively. Consequently, mima-like
mounds from the Diamare piedmont are interpreted as “degraded
Vertisols” or “Vertisol relics”.

5.2. From gilgai micro-relief to present-day mima-like mounds

The mima-like mounds from the Diamare piedmont may thus be
interpreted as Vertisol relics. Vertisol degradation implies that there
was a phase during which the Vertisols developed and another phase
when they were degraded and eroded. The Bio-Rhexistasy theory,
proposed by Erhart (1967), illustrates this conjecture. He described
two major environmental phases: (i) Biostasy phases are stable periods
characterized by dense vegetation cover, high soil development and
biogeochemical weathering, during which leaching processes, and
biogeochemical deposits prevail. In contrast, (ii) Rhexistasy phases are
characterized by instable periods due to drastic changes in ecosystems.
The decrease of vegetation cover and the destabilization of soils due to
hydric changes favour erosion and detrital sedimentary deposits. It is
demonstrated that there is a critical threshold of 55% vegetation cover,
below which erosion rates increase rapidly (Snelder and Bryan, 1995).
At the regional scale, Vertisols are perfectly adapted to present-day cli-
matic conditions and can easily develop in the Diamare piedmont be-
cause of the presence of clay-rich sediment. However, Vertisols are
located at lower altitudes compared to mima-like mounds (Martin,
1961; Sieffermann, 1967; Bocquier, 1973; Brabant and Gavaud, 1985).
It can be hypothesized that the topography plays an important role for
Vertisol genesis in this region. This is explained by their chemical prop-
erties. Vertisols must have a high content of clay with high surface area
and usually be highly alkaline (Coulombe et al., 1996a). The cation ex-
change capacity in Vertisols is typically high, saturated with Ca®™,
Mg?*, and Na™, depending on the clay mineralogy and the parent ma-
terial. Moreover, the pH is often neutral to alkaline. These conditions,
and a high silica activity, favour the stability and the formation of smec-
tite (Eswaran and Wong, 1978). On the contrary, leaching processes and
acidic conditions induce the denaturation of smectite and the formation
of kaolinite, leading to the development of other types of soils (Eswaran
et al., 1988). The mima-like mounds are presently located in eroded and
degraded areas (hardés), but it is possible that these areas were not al-
ways degraded. Consequently, it is proposed that the extent of the
area favourable to Vertisol genesis varied through time and reached
mima-like mound locations under different climatic conditions.

To explain the link between Vertisol genesis and mound formation,
it is interesting to note that the diameter of mima-like mounds, which
can reach up to 10 m, is consistent with what is commonly observed
in a gilgai landscape. The common distance from the micro-high to
the micro-low, or the radius, ranges from 2 to 5 m (Miller and Bragg,
2007). Consequently, Vertisol genesis could have been associated with
a gilgai micro-relief, during a period when Vertisol areas were exten-
sive. This period of widespread occurrence can be defined as a Biostasy
phase (Fig. 9). Precipitation of secondary pedogenic carbonate nodules
and Fe—Mn micro-nodules are linked to Vertisol genesis, and thus, to

this phase as well. Then, a Rhexistasy phase occurred as a response to
climatic changes, inducing a decrease in favourable areas for Vertisol
genesis, and an increase in erosion processes (Fig. 9). The gilgai micro-
relief might have favoured preferential runoff in micro-lows rather
than in micro-highs, inducing pejoration of landscape irregularities.
Consequently, mima-like mounds observed in the present-day land-
scape are interpreted as residual micro-highs and micro-lows inherited
from the gilgai micro-relief and resulting from differential erosion
(Fig. 9). Furthermore, the wind has probably played a determinant
role as an erosion agent. The Sahel of West Africa is a place for high-
velocity winds produced by intense baroclinal gradients. In these sub-
humid to arid areas, wind erosion is important and creates a large
panel of morphologies such as inverted relief or yardangs, for example,
which are the result of wind deflation erosion (Goudie, 2013). The
mima-like mounds might be the result of contemporary interactions
of both aeolian and fluvial erosion systems. This erosion association is
highly discussed (Goudie, 2013) but seems to be effective particularly
under short-term climate changes (Bullard and Livingstone, 2002).
Independently of the type of erosion agent, erosion of fine fractions
from surficial horizons can explain the relative accumulation, or pave-
ment, of secondary carbonate nodules and Fe—Mn micro-nodules,
normally found in a deeper Bk horizon, as a layer at the mima-like
mound surface (Fig. 2B). It also explains the high clay content in both
sides of the mounds (Fig. 7), which are the remaining parts of ancient
micro-lows (Fig. 9).

5.3. Sediments adjacent to mima-like mounds and landscape changes

Analyses of sediments adjacent to mima-like mounds provide evi-
dence of landscape geomorphogenesis. The grain-size distributions in
the alluvium (both fine and coarse) and in the fersiallitic pediment are
represented in clusters 4 and 7, respectively (Fig. 6). These two clusters
lack a clay fraction (Fig. 6, mcg). They are also different from each other
with the presence of mc; in cluster 7 and a significant higher amplitude
of mcs in cluster 4. These variations can be explained by different sources
of sediments and/or transportation parameters (Vandenberghe, 2013).
From their mineralogy observed in thin sections (Fig. 8), they definitely
differ in terms of transportation parameters rather than sources of
sediment.

Coarse alluvium includes some broken clay coatings and a fine
yellow birefringence rim surrounds all mineral grains (Fig. 8C). This
type of chitonic c/f related distribution corresponds to periods of high
energy (coarse fraction) followed by slow water flow, which resulted
in impregnations by fine material (Miicher et al., 2010). Field observa-
tions showed that the coarse alluvium was interfingering the clay-rich
sediment of mound M2 (Fig. 4B), suggesting contemporaneous deposi-
tion. In the fine alluvium (Fig. 8D), the fine fraction is only present as
relic peds, demonstrating the contribution of some reworked soils.
Moreover, the S/K ratio in the alluvium varies between 0.45 and 1.23,
which is close to the values observed in the clay-rich sediment, empha-
sizing the reworking of this proximal sediment. The fersiallitic pediment
shows a complete disorganization of the clay-Fe coatings in the deepest
horizon (Fig. 8E), while they are poorly marked in the surficial horizon
(Fig. 8F). This disorganization indicates that fersiallitic pedofeatures
are probably inherited and the soil material reworked. Therefore, the
fersiallitic pediment may instead be a fersiallitic pedolith (Retallack,
2001). In the landscape, this pedolith is always found above the clay-
and carbonate-rich sediment (Figs. 3, 4). This suggests they were
reworked at the same time as the Vertisol surficial horizons, during
gilgai micro-relief erosion. This means that the fersiallitic soil developed
during the same period as Vertisols, but upstream. These interpretations
strengthen hypotheses of high erosion events (Rhexistasy phase) occur-
ring in northern Cameroon after a phase favourable for soil development
(Biostasy phase). Moreover, they emphasize the complexity of erosion-
deposition processes in such terrestrial environments.
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Fig. 9. Hypothetical erosion scenario leading to mima-like mound formation. Top: this figure is modified from Coulombe et al. (1996b) and shows Vertisol genesis associated with a gilgai
micro-relief characterized by alternations of micro-highs and micro-lows. Secondary carbonate nodules form during Vertisol genesis in a Bk horizon, developing at 20 cm in micro-highs
and at 100 cm in micro-lows. Bottom: mima-like mound, or residual gilgai micro-relief, after a phase of erosion and composed by relics of micro-lows and micro-highs (compare with
Fig. 7). Vertisol genesis at mima-like mound locations may occur during a Biostasy phase, characterized by wetter conditions than in present-day; onset of erosion may correspond to a

Rhexistasy phase, characterized by drastic changes in climatic conditions.

Finally, grain-size distributions (Fig. 6) for all the sediments, includ-
ing the clay-rich sediment, show a common modal class belonging to
the desertic loess window (20-80 um) defined by Crouvi et al. (2010).
At the micro-scale, well-sorted, smooth, and angular quartz, feldspars,
and a few epidote grains characterize this fraction (Fig. 8). These
observations raise questions about a possible aeolian contribution to
the sediments. Maley (1981) already proposed an allochtonous contri-
bution of sediments to explain the wide extent of the clay-rich sediment
layer in the Far North region of Cameroon. Later, Mpeck (1994) studied
the formation of Doyang, located in the south bank of the Mayo Tsanaga,
between Maroua and Kaele, a formation already studied by Sieffermann
in 1967. Mpeck (1994) proved the aeolian origin for this silty clay-rich
deposit and emphasized its probable reworking after deposition. As
previously demonstrated, field observations suggest the absence of a
genetic relationship between the granite bedrock and the clay-rich
sediment (Fig. 4D), making its origin as a simple result of granite bed-
rock weathering unlikely. Nevertheless, more investigations are needed
to strengthen the hypothesis of an aeolian contribution to the mima-like
mound area.

5.4. Are mima-like mounds inherited from Late Pleistocene-Holocene cli-
matic changes?

Two main phases can thus explain mima-like mounds (Fig. 9);
(i) during Biostasy, the Vertisol area was extended, and (ii) during
Rhexistasy erosion increased, leading to Vertisol degradation in areas
corresponding to the present-day mima-like mound locations. The
shift from one phase to another probably results from regional climatic
forcing. It is proposed that the extent of Vertisol areas was related to
wetter conditions than nowadays. An increase in erosion, and thus the

formation of mima-like mounds, can result from a serious decrease in
the vegetation cover induced by climate change from wetter toward
drier conditions. With these two environmental constraints, it is possi-
ble to discuss the potential role of Quaternary climatic changes in the
Chad Basin area.

During the Quaternary (Fig. 10), the main climatic changes in the
African tropics are related to the intensity and the latitudinal position
of the monsoon front (or ITCZ - Inter-Tropical Convergence Zone),
which is a thermodynamic heat response to orbital forcing (deMenocal
et al.,, 2000; Mayewski et al., 2004; Wanner et al., 2008; Lézine et al.,
2011; Shanahan et al., 2015). From ca. 14.8 to 5.5 ka BP, a strengthening
and a northward expansion of the African monsoon system, due to a
gradual increase of the Northern Hemisphere summer insolation, led
to a climatic optimum, known as the African Humid Period (AHP;
deMenocal et al., 2000; deMenocal and Tierney, 2012; Shanahan et al.,
2015). This period is characterized by a higher rainfall rate and a general
northward displacement of the vegetation zonation by 400-500 km, in
conjunction with the monsoon system shift (Lézine, 1989; Hély et al.,
2009). However, the climatic conditions during Holocene were unstable
and marked by hydrological variations (Mayewski et al., 2004). Several
studies showed differences between Early Holocene (9.5-8 ka BP)
and mid-Holocene (6.5-5 ka BP; Maley, 1983, 2010; Gasse, 2000;
Lézine et al., 2011). Lézine et al. (2011) examined more than 1500
paleohydrological records collected between 10 and 28°N in the Sahara
and the Sahel in Africa and demonstrated that a reduced and fragmented
geographical extent of lakes and wetlands occurred during the Early
Holocene (9.5-8 ka BP) compared to mid-Holocene (6.5-5 ka BP). The
widespread extent of humid sectors in the mid-Holocene can be attribut-
ed to high groundwater levels, which might have been filled during Early
Holocene, when maximum rainfall was recorded. In these conditions, the
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Fig. 10. Summary of the main events that occurred in the Chad Basin during the Late Pleistocene-Holocene period and relationships with mima-like mound formation (*DeMenocal et al.,
2000; PHervieu, 1969, Brabant and Gavaud, 1985; ‘Hervieu, 1970; Maley, 1981, 2004; Morin, 2000; ‘Lézine et al., 2011; ®Servant, 1983). Abbreviations: LT for lacustrine transgression; Max
for maximum. The African Humid Period lasted from 14.8 ka to 5.5 ka BP; the extent of Vertisol areas in the Diamare piedmont is hypothesized to have varied during this period in con-
comitance with different climatic events (e.g. lake-level changes, extent of humid areas) and may have been larger than in the present-day. This period can be referred to as a Biostasy
phase. A climate change, inducing an increase of erosional processes characterized the end of the AHP. Vertisol erosion in a gilgai micro-relief is likely at the origin of the present-day
mima-like mound landscape. This period can be referred to as a Rhexistasy phase. The time limits of all these phases are uncertain and illustrated by dashed lines and arrows.

humid areas might have been widespread during the mid-Holocene,
even if rainfall decreased (Lézine et al., 2011). Therefore, it is likely that
the extent of Vertisol areas associated with a gilgai micro-relief has
varied in the Diamare piedmont during the AHP. These variations may
be concomitant with humid sector variations. Vertisol genesis in the
Diamare piedmont might therefore be related to palustrine areas.

The contemporaneous deposition of the coarse alluvium and the
clay-rich sediment implies changes in transportation energy. As demon-
strated above, climate was not stable during the AHP. Servant (1983)
already identified rainfall changes around 7 ka BP, due to the slight
migration of the monsoon front position toward the south (Fig. 10).
The rainfall regime is directly associated with this front. Dhonneur
(1974) demonstrated that cumulonimbus clouds are dominant preced-
ing the monsoon front and associated with big raindrops (>2 mm); on
the other hand, stratus clouds are dominant behind the front, and
their associated raindrops are smaller (<2 mm). Consequently, before
7 ka BP, fine sedimentary deposits are favoured, whereas after 7 ka BP,
coarse-grained sediments are dominant (Maley, 1983; Servant, 1983).
Another process can be related to variations in the Lake Chad water
level, which is the base level of rivers draining into the Chad Basin,
such as the Mayo Tsanaga (Fig. 1B). Leopold and Bull (1978) defined
the base level of a river as the elevation below which a stream cannot
flow. The base level changes would have caused disequilibrium in
river profiles: if it rises, the whole profile will tend to be raised by
increasing accommodation space and then favouring deposition
processes and fine material production; if it lowers, the profile will
tend to be lowered by increasing erosion and coarse material produc-
tion (Davis, 1902). Several studies showed that the lake level would
have varied several times during the Holocene (Durand, 1982, 1995;

Ghienne et al., 2002; Maley, 2004; Bouchette et al., 2010). Both runoff
change processes due to rainfall and/or base level changes might have
induced transportation energy changes able to explain the coarse
alluvium/clay-rich sediment interfingering.

The AHP ended around 5.5 ka BP (Fig. 10), mainly because of the
weakening and the southward migration of the monsoon front
(Krépelin et al., 2008; deMenocal and Tierney, 2012; Shanahan et al.,
2015). Even if it is known that another humid phase occurred between
3.5 and 2.5 ka BP (Lézine et al., 2011), it never reached the same
maximum of rainfall. Nevertheless, efficient Vertisol genesis cannot be
excluded during this period as well, and another erosion period might
have been initiated again at the end of this second wet phase. However,
it is likely that erosion might have increased with drier conditions and a
decrease in vegetation cover. Consequently, it is probable that the
Rhexistasy phase might be related to the end of the AHP.

Finally, the question remains of the potential aeolian origin of the
material composing all the sediments. It was demonstrated that aeolian
sediments are generally mobilized under dry conditions and stabilized
during wet conditions, due to the increase of vegetation cover and
soil moisture (Kocurek, 1998; Swezey, 2001; Vandenberghe, 2013).
McTainsh (1984) showed that the isohyet of 400 mm/yr is the mini-
mum for dust stabilization. It is recognized that during the climato-
sedimentary event, known as the Bossoumian II (from 15 ka to 13 ka
BP; Hervieu, 1969, 1970; Maley, 1981; Brabant and Gavaud, 1985;
Morin, 2000), fine aeolian deposits were favoured (Fig. 10). However,
Durand (1995) showed that aeolian stabilization might have already
been possible since 20 ka BP (Kanemian climato-sedimentary event).
He demonstrated that the ergs observed in northern Cameroon and
northeastern Nigeria, which represent the maximal extent of the
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Sahara, were probably formed before 28 ka BP and thus much older than
the Kanemian. Consequently, the Kanemian was not as dry as was pre-
viously thought, and it is not excluded that the 400 mm/y isohyet might
have been effective since 20 ka BP, leading to the possible stabilization
of aeolian material.

In summary, the following chronological succession is proposed: (i) a
pre-AHP period, during which aeolian material is deposited and probably
reworked and mixed with the local material along the slopes, (ii) an AHP
period, during which Vertisol developed, associated to gilgai micro-relief
and secondary mineral precipitation; the extent of Vertisol was larger
than nowadays, and during this period, fersiallitic soils were developing
upstream Vertisols; and finally, (iii) a post-AHP period, during which ero-
sion increased, forming the present-day mima-like mounds and
reworking the fersiallitic soil above the clay-rich sediment. However, dat-
ing constraints are needed to support and improve the proposed chronol-
ogy. Nevertheless, mima-like mounds and their adjacent sediments offer
a great potential for the sedimentary record of the Chad Basin.

6. Conclusions

Investigations on newly observed earth mounds in the Chad Basin
led to an original interpretation of their formation. According to their
size and spatial distribution, they can be defined as mima-like mounds
(Cramer and Barger, 2014). Recently it was postulated that mima-like
mound shapes result from the combination of erosion and/or aeolian
and vegetation patterns. Mima-like mounds observed in northern
Cameroon are strongly linked to erosion, and there is no evidence
that vegetation patterns play or played any particular role. Field
observations and analytical results, such as grain-size distribution, clay
mineralogy, and thin section observations show mima-like mounds to
be degraded Vertisols or Vertisol relics developed in a former gilgai
micro-relief. Erosional processes induced the stripping of surficial
horizons of Vertisols and the accentuation of the gilgai micro-relief.
They also induced the formation of a large accumulation of pedogenic
nodules at the mound surface, remains of a former Bk horizon. In
addition, a fersiallitic pedolith (e.g. reworked soil) buries them at
some places in the landscape and this highly supports the occurrence
of erosion events at some points. Present-day climatic conditions in
the region of northern Cameroon are favourable to Vertisol genesis.
But locally, climatic changes in the region during the Quaternary may
have modified the extent of the Vertisol area. Larger areas of Vertisol
can be related to widespread humid fields during the second part of
the AHP during the Mid-Holocene (Biostasy phase). At the end of the
AHP, climatic conditions became drier, inducing a decrease in vegeta-
tion cover and an increase in erosional processes (Rhexistasy phase).
Moreover, water level fluctuations of Lake Chad and/or changes in the
rainfall regime also occurred during the AHP, which might have influ-
enced transportation-deposition processes in the Diamare piedmont.
These changes would explain the occurrence of coarse alluvium
interfingering the clay-rich sediment in a mima-like mound, which
indicates a concomitant formation. Some questions are still pending
regarding the origin of some fractions in the sediments from this
landscape: all of them include a modal class corresponding to an aeolian
component. Therefore, the possibility of a substantial aeolian contribu-
tion occurring before the AHP is proposed but this hypothesis remains
open. Finally, the mima-like mounds from the Chad Basin have a signif-
icant potential as a regional sedimentary record.
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ABSTRACT

Pedogenic carbonate nodules have been observed in the Far North region of Cameroon. They have been
interpreted as Vertisol relic components inherited from the African Humid Period (AHP), however their
processes of formation remain poorly constrained. Here we explore the possibility of targeting the
minerals trapped within such nodules, which represent a residual soil fraction, to date the deposition
time of the soil parent material using optically stimulated luminescence (OSL). As the trapped minerals
have a complex history, related to pedogenesis and sedimentary processes since their deposition, it was
necessary to identify a suitable mineral population. To achieve this, a nodule collected at the surface was
investigated in order to compare the OSL signals from feldspar minerals from within its external and
internal parts. The resultant luminescence data were then compared with minerals trapped in a buried
nodule, with the scatter in OSL signals between the different populations indicating potential partial
bleaching of grains and/or pedoturbation processes. Our results show that the minerals from the internal
part of the nodule are appropriate for OSL dating. Furthermore, the environmental dose rate has changed
through time following carbonate precipitation and the radionuclide decay series may be in disequi-
librium. Because of its solubility, the 233U-series is particularly affected, and when a complete absence of
234y daughters is assumed, our calculations show a maximum and significant decrease of 20% in the
environmental dose rate compared to secular equilibrium. Finally, changing the time of carbonate nodule
precipitation results in a maximum OSL age range of 12 ka (from 15 to 27 ka) for the deposition of the soil
parent material. Despite this relatively high uncertainty, these ages suggest that the deposition occurred
before the AHP. Consequently, if their formation time is well constrained from independent methods, the
pedogenic carbonate nodules can be exploited as valuable time archives, providing temporal information
on soil parent material deposition and thus a maximum age for the onset of pedogenesis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

2007) and also for assessing palaeo-vegetation (Cerling, 1984;
Ding and Yang, 2000). The occurrence of pedogenic carbonate is

Pedogenic carbonates comprise CaCOs accumulations in soil
horizons (Lal and Kimble, 2000; Tanner, 2010), which can have
various morphologies such as nodular, laminar, tubular, and also
different strengths (e.g. Durand et al., 2007). They are widespread
and their geochemical properties (e.g. stable carbon and oxygen
isotopic composition) can be used as proxies for reconstructing
palaeo-climatic conditions (e.g. Dworkin et al., 2005; Retallack,
2005; Yang et al., 2014), palaeo-elevations (Quade et al., 1989,

* Corresponding author.
E-mail address: nathalie.diaz@unil.ch (N. Diaz).

http://dx.doi.org/10.1016/j.quageo.2016.08.008
1871-1014/© 2016 Elsevier B.V. All rights reserved.

generally observed in soils where there is enough water to provide
ions in solution (e.g. Ca®*) and, at the same time, where the
moisture regime can be sufficiently xeric (i.e. dry) to reach calcite
supersaturation and lead to secondary carbonate precipitation and
accumulation (Deocampo, 2010; Gocke et al., 2012; Zamanian et al.,
2016). Consequently, pedogenic carbonates are characteristic soil
features of arid to sub-humid climatic conditions or where soil
moisture conditions alternate strongly (Cerling, 1984; Gocke et al.,
2012). Pedogenic carbonates also comprise an important part of the
global soil carbon budget (around 30—40% of the global soil carbon
inventory is soil inorganic carbon; Eswaran et al., 2000), and, in
addition to understanding the processes of their formation, it is also
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important to constrain the time scale of carbonate precipitation.
Numerical dating is possible with methods such as U/Th dating (e.g.
Durand et al., 2007; Violette et al., 2010) and radiocarbon dating
(e.g. Williams and Polach, 1971; Achyuthan et al., 2010). Further-
more, pedogenic carbonates may also contain a substantial non-
carbonate fraction and we show here that this fraction can give
important temporal constraints for sedimentary processes and soil
formation.

In the Far North Region of Cameroon (Fig. 1A), pedogenic car-
bonate nodules formed in clay-rich soils have been investigated in
granitic watersheds belonging to the Chad Basin. These soils are
highly eroded and degraded (Fig. 1B), and have been interpreted as
Vertisol relics (Diaz et al., 2016) likely inherited from the African
Humid Period (AHP), which lasted from c. 15 ka to c. 5 ka
(DeMenocal et al., 2000). Consequently, the carbonate nodules may
be important continental palaeo-environmental archives for this
region (Alonso-Zarza and Tanner, 2010), where major precipitation
variations occurred in relation to the northern migration of the
monsoon front (DeMenocal et al., 2000; DeMenocal and Tierney,
2012; Shanahan et al., 2015). The aim of this study is to explore
the potential of the carbonate nodules as time archives using the
mineral fraction trapped within them. The nodules are pedogenic
in origin (Diaz et al., 2016), i.e. were formed in situ in the host soil,

Mean annual precipitations (mm; © FAO)

[ Sahelian zone

[_] Sudano-Sahelian zone
[] Far North region of Cameroon

Present-day Monsoon front: in August (I) and

in January (Il)!

meaning that primary minerals trapped within them represent a
residual soil fraction (Fig. 1C). Singhvi et al. (1996) previously
explored this trapped mineral fraction in carbonate nodules using
thermoluminescence (TL) dating, to assess the age of carbonate
precipitation. Here we aim to use this trapped mineral fraction for
dating the deposition time of the soil parent material, i.e. the
sediment from which Vertisols and then carbonate nodules formed,
through the measurement of optically stimulated luminescence
(OSL). The trapped minerals have a complex post-deposition his-
tory linked to pedogenesis (i.e. Vertisol genesis) and subsequent
geomorphological processes (i.e. erosion; Diaz et al., 2016). This
needs to be carefully addressed for accurate interpretation of the
luminescence measurements and OSL age calculations.
Luminescence dating is a useful method for establishing abso-
lute Quaternary chronologies in continental sedimentary se-
quences. It is widely used to determine the time that has elapsed
since buried sediments were last exposed to sunlight. During
burial, trapped electrons accumulate in the minerals in response to
environmental radiation (a-, f-particles and y-rays) emitted by the
decay of radiogenic elements present in the host sediment and by
cosmic rays. These electrons recombine when the minerals are
exposed to light or heat, resulting in the emission of light (lumi-
nescence), and can thus be used to date the deposition time of the

Mima-like mound

Fig. 1. General setting and samples. A) Location of investigated samples along the Sudano-Sahelian belt in the Chad Basin (Far North region of Cameroon, red square). Dashed lines
represent the present-day average latitudinal position of the ITCZ in August (I) and January (II) (*Nicholson, 2009), which regulates wet and dry season occurrences during the year.
B) Clay-rich soils forming mima-like mounds and covered by large amounts of carbonate nodules (up to 11 kg m~2). Insets show nodules found within the soil and representative
nodules. C) Thin section of a pedogenic carbonate nodule in polarized light (left) and cross-polarized light (right). The calcite precipitated around soil components, such as primary
minerals (e.g. quartz, feldspars), secondary minerals (clays, oxides) and organic matter. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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sediment (Aitken, 1998). In luminescence dating, an age (ka) is
derived from:

Age:F (1)

where, D, is the equivalent dose (Gy) and relates to the natural dose
received by the mineral, and D is the environmental dose rate
(Gy ka™1).

Successful OSL dating of trapped minerals within pedogenic
carbonate nodule requires two main challenges to be addressed.
First, the D, value of the sample needs to be carefully determined,
as some nodules were brought at the surface following erosion
processes and were thus exposed to light. Consequently, there is a
risk that the OSL signal of the trapped minerals has been partially
reset, which would result in an underestimation of the sediment
depositional age. Moreover, the investigated soils are Vertisol relics.
Vertisols are clay-rich, smectitic-rich soils and are affected by
swelling-shrinking processes due to soil moisture changes
(Wilding, 2004; Southard et al., 2011). These processes induce
vertical crack structures leading to the input of surficial soil mate-
rial in deeper horizons (Food and Agriculture Organization, 2014).
Consequently, these pedoturbation processes can potentially cause
a mixing between younger and older sedimentary grains. Both
partial bleaching, due to erosion, and sediment mixing, due to
pedoturbation, are expected to induce some variability in the D,
distribution (Bateman et al., 2003). The second challenge is to
accurately characterize the environmental dose rate (D). Carbonate
accumulation must have led to chemical changes in the soil envi-
ronment. The concentration of radionuclides surrounding the
trapped minerals has thus changed since carbonate precipitation,
affecting the D (Aitken, 1998). Environmental radiation is mainly
emitted following the decay of the uranium (U) and thorium (Th)
series and the simple decay of potassium (K) and rubidium (Rb), as
well as an additional cosmic dose component. In luminescence
dating, the decay series are generally assumed to be in secular
equilibrium, implying that the dose rate is constant through time
(Olley et al., 1996; Aitken, 1998). However, in the case of carbonate
nodules, it is likely that disequilibrium has occurred due to the
precipitation of carbonate (Ferronsky and Polyakov, 2012). Finally,
as relic soils have been subsequently eroded, the contribution from
cosmic rays may have also changed through time, which should
also be assessed.

To summarize, two main questions are investigated in this
study: (1) is there a suitable population of trapped minerals within
the pedogenic carbonate nodules for luminescence dating, and (2)
can the D changes through time and potential disequilibrium ef-
fects be adequately accounted for? Overcoming both challenges
would enable the minerals trapped within the carbonate nodules to
be used to date the deposition time of the soil parent material. This
would also set a maximum age for the onset of pedogenesis, con-
straining the carbonate nodule genesis that related to the formation
and evolution of the Vertisols. As such, pedogenic carbonate nod-
ules can be used as sedimentary archives in a multi-proxy approach
using not only the carbonate fraction but also the silicate fraction,
which is the objective of this study.

2. Material and methods
2.1. General settings and sample preparation

The pedogenic carbonate nodules were collected from soils
located in the Diamare piedmont (Far North region of Cameroon)
where they form mima-like mounds in eroded areas (Fig. 1B; Diaz
et al.,, 2016). This specific soil morphology was recently attributed

to pedogenesis and later erosion processes. The mounds were
defined as Vertisol relics, i.e. degraded Vertisols, and the precipi-
tation of carbonate nodules is related to Vertisol genesis (Diaz et al.,
2016). In the present-day, non-degraded Vertisols occur down-
stream in piedmont waterlogged areas (Brabant and Gavaud, 1985).
This suggests that Vertisols were more extensive under past wetter
climatic conditions, where humid areas were widespread (Diaz
et al.,, 2016). Due to changes in the position of the monsoon front
during the Quaternary, such expansion must have occurred during
the AHP (Lézine et al., 2011; Armitage et al., 2015), as precipitation
is strongly linked to the position of the monsoon front (Fig. 1A). The
assessment of the time of soil parent material deposition is thus
crucial for constraining the onset of Vertisol genesis and confirming
their possible inheritance from the AHP.

For logistical reasons, soil samples were not collected under
light-safe conditions and thus cannot be directly used for lumi-
nescence dating. Consequently, we propose to explore an alterna-
tive approach by using the trapped mineral fraction within the
carbonate nodules to assess the time of soil parent material
deposition. In the mima-like mound settings, the carbonate nod-
ules are found both as a cover at the surface and within the soil
matrix (Fig. 1B). Thin sections show that a significant fraction of the
carbonate nodules comprises a residual soil component (Fig. 1C). X~
ray diffraction measurements also confirm this observation, with
averages (n = 5) of 57 + 8% calcite (CaCO3) and of 43 + 8% other
minerals (e.g. quartz, feldspars, phyllosilicates, oxides). These non-
carbonate minerals have been shown to represent the surrounding
host sediment mineralogy (Diaz et al., 2016). However, in such
settings, this trapped mineral fraction has experienced a complex
history from grain deposition to sampling for OSL analysis. Several
steps can describe the trapped mineral history (Fig. 2). First, the
mineral grains are deposited and buried to constitute a sediment
sequence (step I). From this sediment deposit, soils (e.g. Vertisols)
have then developed during step II. Vertisol genesis induced
favourable conditions for secondary carbonate accumulation
(Wieder and Yaalon, 1974; Ahmad, 1983) with pedogenic carbonate
nodule precipitation that trapped a host soil fraction (step III). Note
that there are unknown time gaps between steps I and II, and be-
tween steps Il and III. Finally, erosion affected the Vertisols leading
to the present-day mima-like mound Vertisol relics with some
nodules brought to the surface (step IV). As already stated, this
complex history has direct implications for the equivalent dose
data and for the dose rate assessment.

To investigate the possibility of using trapped minerals for OSL
dating despite the complex setting, two carbonate nodules were
selected. One nodule was collected at the surface (NO1, diameter
(@) =10 cm) and a second nodule was collected at 100 cm depth in
a mima-like mound (NO2, @ = 4 cm). Due to its surficial position,
sample NO1 was exposed to light for an unknown duration. To
assess the influence of sunlight exposure on the luminescence
signal, the outer most layer of sample NO1 (NO1gx, 2—3 cm thick)
was removed under red light conditions using a diamond saw and
isolated from the central part (NO1j,¢). The luminescence proper-
ties of grains from both NO1 subsamples and the buried sample
NO2 were then compared. A non-light-safe mineral population
should exhibit partial bleaching, following sample exposure to
sunlight after carbonate precipitation, and thus a scatter in the
equivalent dose (D, ) distribution should be expected. Consequently,
a scatter in the equivalent dose distributions could be induced by
pedoturbation processes (Bateman et al., 2003), affecting NO1gxt,
NO1n¢, and NO2, while we expect sunlight exposure to preferen-
tially affect NO1gxt.

The nodules were treated with HCI (35%) to remove carbonates
and with Hy0; (20 vols) to remove any organic material. Samples
were then sieved to isolate the 90—180 um fraction, which was
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Fig. 2. Schematic illustration of proposed scenarios for environmental dose rate changes through time. After deposition (to), K-feldspars are buried in the sediment (step I), from
which the soil will form during period of time T; (step II). The luminescence signal (D, s,) results from the environmental dose rate (Dso), to which the decay of radionuclides (U, Th,
K, Rb) composing the sediment contributes. After carbonate nodule precipitation (step III), the K-feldspars are trapped, and the luminescence signal (D,, n,) results from the
environmental dose rate during time T, (Dy,), to which the decay of radionuclides composing the nodule and the sediment contribute (y-dose rate is scaled). Finally, erosion
brought some nodules (e.g. NO1) to the surface leading to their exposure to sunlight (step IV). Radionuclides are assumed to be in secular equilibrium during both Ty and T in
scenario 1 (white). Some radionuclides are likely to be in disequilibrium since T, in scenario 2 (grey).

selected for further analysis because of the abundance of grains in
this range. The minerals were then separated by density using so-
dium polytungstate to isolate quartz (2.7—2.62 g cm3), plagioclase
(2.62—2.58 g cm>) and K-feldspar (<2.58 g cm~3). A low abun-
dance of quartz led us to the use the K-feldspar fraction, which was
not etched (Duller, 1992; page 16). Each sample preparation step
was performed under subdued red light conditions.

2.2. Luminescence measurements

Luminescence measurements were performed using a Rise TL/
OSL-DA-20 reader (dose rate = 0.1 Gy s™1) at the Institute of
Earth Surface Dynamics (University of Lausanne). To assess the D, a
single-aliquot regenerative post-IR IRSL protocol was used to access
a high temperature signal from feldspars, which is in theory less
affected by anomalous fading (Thomsen et al., 2008; Buylaert et al.,
2009). A pre-heat of 250 °C for 60 s was followed by an IR stimu-
lation at 50 °C for 100 s (IR5g) and a post-IR IRSL stimulation at
225 °C for 100 s (pIRIRyz25). This pIRIRz25 protocol was chosen
instead of the pIRIR,g9 protocol to limit high potential residual
doses from partial resetting and thus age overestimations (Thiel
et al., 2011; Roberts, 2012). The measured responses of the
aliquot to a regenerative dose (L) and to a test dose (Tx) were in-
tegrated over 3 s, and the background signals were integrated over
the last 10 s of stimulation. Measurements were done using small
aliquots (SA, @ = 1 mm, 100—150 grains measured per aliquot),
mounted on stainless steel discs, and single grain measurements
were done using aluminium discs (hole diameter @ = 300 pum,
10—20 grains per hole). Due to a high number of grains in the single
grain disks, we refer to these as pseudo-single grain (PSG) mea-
surements. However, SA and PSG comparison still allow us to
further investigate the possibility of partial bleaching through
reducing the number of analysed grains by one order of magnitude
(Duller, 2008). The measurement protocol was validated using a
dose-recovery test (Murray and Wintle, 2003) and PSG measure-
ments (n = 3 discs = 120 measurements), whereby samples were

exposed for 4 h to direct sunlight in Lausanne prior to measure-
ment. Samples were given a dose approximately equal to the
equivalent dose (~30 Gy) and dose recovery ratios were calculated
following subtraction of measured residuals (n = 3 discs = 120
measurements).

Although the post-IR IRSL protocol reduces the effects of
anomalous fading, a fading test was done for both samples (n = 3
SA discs) following Huntley and Lamothe (2001). Previously
measured aliquots were given a dose approximately equal to the
equivalent dose (~30 Gy) and measured following increasing delays
(n = 4) between 100 and 800 min. The resulting g-values
(%/decade) were calculated following Auclair et al. (2003) and were
normalised to 2 days (Huntley and Lamothe, 2001).

Finally, the D, values were determined using Analyst v.4.31.7
(Duller, 2015) according to the following acceptance criteria:
recycling ratios within 5 and 10% of unity for SA and PSG mea-
surements respectively, maximum test dose and palaeodose error
<10%, and maximum recuperation <10% of the natural lumines-
cence signal. The D, values of the samples were calculated using the
central age model (CAM; Galbraith et al., 1999) and are cited at 1c
uncertainty. The sample residual doses and the dose recovery test
D, values are reported with standard error (SE) and 1o un-
certainties, respectively.

2.3. Environmental dose rate assessment
The external dose rate (Dex: in Gy ka~!) is defined as:

Dext = Dy + Dg + Dy + Dcos (2)
where, Dy, Dg and D, are the energy emitted by a-, B-particles and
y-rays, respectively, and D¢ is the cosmic ray dose rate. As K-
feldspars are used in this study, it is also necessary to consider the
contribution of the internal dose rate (Dj,) resulting from the in-
ternal K decay. The combination of the external and internal doses
gives the environmental dose rate (D). The soil and nodule U (ppm),
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Th (ppm), K (%) and Rb (ppm) compositions were assessed by X-Ray
fluorescence at the Institute of Earth Sciences (University of Lau-
sanne) and by ICP-MS at Actlabs (Activation Laboratories, Ancaster).
The internal K-content (%) was measured on individual feldspar
grains (n = 187) with a JEOL 8200 Superprobe at the Institute of
Earth Sciences (University of Lausanne). The calculations of D;,; and
Dcos Were done with the online dose rate calculator DRAC v1.1
(Durcan et al,, 2015). The beta grain size attenuation factors of
Guérin et al. (2012) and alpha grain size attenuation factors of Bell
(1980) were used. The cosmic ray dose rate contribution was
assessed using the protocol outlined by Prescott and Hutton (1994)
corrected for the geomagnetic latitude (11.789°N; F = 0.39, ] = 0.55
and H = 4.35), and taking into account the cosmic-ray attenuation
with depth (0 and 100 cm for nodules NO1 and NO2, respectively).
We used the water content attenuation factors of 1.5 (a), 1.25 (B)
and 1.14 (y) following Zimmerman (1971) and Aitken and Xie
(1990).

2.3.1. External dose rate changes through time

Due to carbonate precipitation, the chemical environment sur-
rounding the minerals varied since the time of deposition (tp),
resulting in external dose rate (Dex) changes (Fig. 2). During the
time period T, environmental radiation is solely derived from the
radionuclides within the soil matrix and the cosmic dose rate
(Dext1)- However, following carbonate precipitation (i.e. during the
time period T), the o- and B-contributions are derived from ra-
dionuclides composing the carbonate nodule, whilst the y-dose is
derived from both the surrounding soil and the carbonate nodule
(Aitken, 1985). As nodule diameters are 10 cm (NO1) and 4 cm
(NO2), the nodules cannot be seen as an infinite matrix, and y-rays
emitted by the host sediment have to be considered. The y-dose
contribution thus needs to be scaled by the nodule size. To sum-
marize, the carbonate nodule formation results in a different
external dose rate (Dey ). However, beyond this simple time frame,
there are some potential complexities that still need to be
investigated:

a. During the time period T;, pedogenesis begins followed by po-
tential carbonate accumulation, leading to a different soil
chemical environment (step II). How does this affect the Dey
assessment?

b. When the minerals become trapped in a nodule (step III), the
nodule growth rate is unknown. The nodule size has most likely
increased incrementally through time with different precipita-
tion events, resulting in an uncertainty on the scaled y-dose.
This may also influence the B-dose, but only at the early onset of
precipitation when the carbonate size was <3 mm (Aitken,
1985); we thus assume this effect to be negligible. Concerning
the y-dose, can the nodule growth rate affect the Dy
assessment?

c. Has the cosmic ray contribution changed through time, due to
late-stage erosion (step IV), which would then affect the Diy?

These different points need to be addressed in the assessment of
the environmental dose rate changes, and will be individually
discussed in the next sections.

2.3.2. Decay chain disequilibrium

In typical silt/sand alluvium, the U and Th decay chains can
contribute up to approximately 50% of the external dose rate Dex
(Olley et al., 1996). In most luminescence dating applications, the
decay chains are assumed to be in secular equilibrium with Dex
constant over Quaternary timescales (Armitage, 2015). However,
because some radionuclides are mobile, in surficial sediments the
2381 decay chain is likely to be in disequilibrium (e.g. Osmond et al.,
1983; Short et al., 1989; Olley et al., 1996), and this disequilibrium is
very common in environments where carbonates are present or
where weathering processes occur (e.g. Guibert et al., 2009; Zander
and Hilgers, 2013). Therefore, in the context of pedogenic carbonate
nodules, the disequilibrium is linked to the incorporation of U
within carbonate during nodule precipitation. In oxic environ-
ments, U exists mainly as uranyl species (UO3+) and in waters it can
form uranyl carbonates (U0»(CO3)32) (Chabaux et al., 2008). The
disequilibrium of U is mainly caused by the a-recoil of 233U in
minerals, inducing the ejection of 234 Th at the mineral boundaries.
This radionuclide will decay rapidly to 234U, and due to high U
solubility it will be leached in pore fluids (DePaolo et al., 2006;
Dosseto et al., 2008). Another process is the preferential release
of 234U from crystal lattices that are damaged by a-recoil (e.g.
Andersen et al., 2009). Consequently, natural surficial waters are
generally enriched in 234U compared to 238U.

As secondary carbonate precipitates from a supersaturated soil
solution, the U incorporated in the secondary mineral has similar
disequilibrium; because U is a heavy element, further fractionation
can be assumed to be negligible. In most natural river waters the
(?34U/?38U) activity ratio is close to unity when chemical weath-
ering processes are dominant (Chabaux et al., 2003), higher than
unity (up to 4) when physical erosion processes are dominant (e.g.
Vigier et al., 2001; Andersen et al., 2009) or when groundwaters are
contributing to surficial waters (Andersen et al., 2009; Chkir et al.,
2009), and lower than unity if there is no renewal of sediment and
thus a strong depletion in 234U (Israelson et al., 1997; Riotte and
Chabaux, 1999). In this study, low material availability prevented
high-resolution gamma spectrometry to directly determine the
degree of U-series disequilibrium. Consequently, following the
literature summarized above, different (234U/238U) activity ratios
between 0.5 and 3 have been investigated. Moreover, in order to
illustrate the effect of the most extreme disequilibrium scenario on
the environmental dose rate, we have assumed that all the
daughter radioisotopes of 234U are absent following carbonate
precipitation.

As a carbonate nodule precipitates within a soil, U is also derived
from minerals within the residual soil fraction trapped in the
nodule. This fraction of U is assumed to be in secular equilibrium,
unlike the U included as UO,(CO3)32. In contrast to U, as chemical
processes, such as ion leaching and secondary mineral formation,
have no or very little effect on Th, this radionuclide should not
accumulate in secondary minerals as a soluble phase (Ferronsky
and Polyakov, 2012). A comparison of the granite, the soil and the
carbonate nodule chemistry (Table 1), shows that Th is four to five
times more abundant than U in the granite and soil, whereas the Th
and U contents are approximately equal in the carbonate nodule.
Uranium is thus in excess in the carbonate nodules, which is a

Table 1
Thorium and Uranium composition (XRF and ICP-MS) of the granite bedrock, soil and carbonate (CaCOs3) nodule. n is the number of measurements.
n K (%) Rb (ppm) Th (ppm) U (ppm) Ratio Th/U
Granite 1 5.0 + 0.07 2158 =1 12.0+2 34+1 4/1
Soil 35 2.7 £ 0.03 126.6 + 1.2 20.1+03 43 +0.1 5/1
CaCOs3 nodule 12 0.7 + 0.03 36.1 + 0.9 6.1 +0.1 54+02 6/5
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consequence of U inclusion as UO,(CO3)32 during carbonate pre-
cipitation; whereas all Th within the carbonate nodule is a
component of the trapped residual soil fraction. Consequently,

and nodule (%1)
S0 no

given in Table 1, it is possible to distinguish the proportion of U
derived from the residual soil fraction (fs,) included in the nodule,
as follows:

(- 8,23

where f;, is the U fraction of the residual soil fraction trapped
within the nodule, and f,, is the U fraction composed in water as
U0»(C03)32, and,

considering the Th/U ratios of the soil (TU”)

fso+fw=1 (4)
)
So,

SE

(4),,
(v).

The sum of the two fractions represents the total U in the nodule
(Eqn. (4)) and as all Th within the nodule is derived from the
trapped residual soil fraction, the second term of Eqn. (3) is equal to
zero (Eqn. (5)). The fraction of U included in the nodule as a soil
detrital fraction, and thus assumed to be in secular equilibrium, can
thus be calculated according to Eqn. (6).

For the nodule samples and hypothesizing that the carbonate
precipitation event is the main factor affecting disequilibrium, we
can assume that only the 238U-series is in disequilibrium. Con-
cerning the 23°U-series, it comprises only 0.07% of total natural U.
Its contribution to the total U dose rate is relatively small: c. 4% (o.-
decay), ~2% (B-decay) and ~1% (y-decay) (Guérin et al., 2011).
Consequently, we assumed this decay chain to be in secular equi-
librium, while a potential disequilibrium (if present) would be
negligible relative to the total U dose rate. Finally, as all Th is
derived from the trapped residual soil fraction, i.e. not to the car-
bonate precipitation event, the 22Th-series is also assumed to be in
secular equilibrium.

fso=

(6)

2.3.3. Proposed burial scenarios

To assess the effect of disequilibrium from carbonate precipi-
tation on the D (Gy ka~!) and thus on the resulting OSL ages, two
end-member scenarios have been considered (Fig. 2): (1) the sur-
rounding environment of the minerals has changed through time
but radionuclides have remained in secular equilibrium during
both time periods T; and T»; and (2) the surrounding environment
of the minerals has changed through time, and, in addition, car-
bonate precipitation induced disequilibrium of the *3%U-series
during time period T,. The relationships between the measured
equivalent doses, the dose rates, and the time periods are as follow:

De = De, 5o + Deno = Ty >szo + TZ*Dno (7)

and,

DSO = Dint + Dext] (8-1)

Dno = Dint + Deth (8-2)

where, D, (Gy) is the equivalent dose, D, 5, (Gy) is the dose received
during the time period time T; which thus results from Ds,; and
De no (Gy) is the equivalent dose received during the time period T
which thus results from Dy,. The internal dose rate (Dj,,) does not
change through time whereas the external dose rate is different
during time T; (Dgx ) and time T (Dxs2 ) as explained above. During
Ty, the soil environment also varied through time as carbonate
progressively accumulated. In the present-day soil, the proportion
of carbonate nodules is 7% maximum. To assess this potential in-
fluence on the dose rate, the external dose rate for Ds, was also
calculated as mixture of a 7% Deyy and 93% Deysq . Moreover, during
time T,, the cosmic ray contribution varied following late-stage
erosion (step IV). As the intensity and the timing of the erosion
event are unknown, a mean D.os Was calculated assuming erosional
removal of 30 cm of soil during approximately 30% of the total time
period, i.e T1 + T (see section 3.2). Finally, the nodule growth rate
during time T, remains unconstrained. As the nodule size is ex-
pected to increase incrementally through time, this would result in
an uncertainty on the scaled y-dose (Dy), which was calculated
with varying nodule diameters from 0.5 to 10 cm.

2.4. Calculations

2.4.1. External dose rate

To assess the relative contributions of the different decay series
to the external dose rate (Dex;, Gy ka~!), the method outlined by
Stokes et al. (2003) and later applied by Armitage (2015) was used.
It is possible to calculate the external dose rate for both time pe-
riods T; and T (i.e. Deyrq and Doy, respectively), either assuming
secular equilibrium (scenario 1) or taking into account various
degrees of 238U-series disequilibrium during T, (*>*U/?33U ratios
from 0.5 to 3, scenario 2). The resulting environmental dose rates
calculated for scenarios 1 and 2 will then be compared to highlight
the potential effect of disequilibrium on calculated environmental
dose rates and OSL ages.

In the following section, each step leading to the calculation of
the a, § and y-event contributions to the Dext are detailed. For the
simple decay of K and Rb, the B and y-dose contributions are
calculated according to the conversion factors reported by Guérin
et al. (2011). However, for the *3%U-series, the radioisotope spe-
cific activity (k) needs to be calculated for each radiation event in
order to account for potential disequilibrium.

The following calculations must be done for the a-, f- and y-
decays of each radioisotope. Here we detail a representative
example for the a-decay contribution (k,) of a radioisotope x (kxq):

n daughters
kxa = ( Z Exa) *a*b*cy (9)

parent

where, Ex, is the decay energy (MeV/Bq s~ 1) of a radioisotope x and
for an a-decay (Table A.1), a is the number of seconds per ka, b is the
number of joules (J) per MeV and c, is the grain size attenuation
factor for a-radiation (e.g. Bell, 1980). The k factor is thus expressed
in J/Bq ka—'. As U comprises two decay chains with different
abundances in nature (99.29% for 238U and 0.07% for 23°U), the k
factors for each decay event («, f and y) must be adjusted by their
relative abundance. The k factor for a given decay chain varies with
the number of daughter radioisotopes that are considered, i.e. for a
decay chain in secular equilibrium, all daughters will be considered
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in Ex, (i.e. the total energy of all a-particles for a given parent, listed
in Table A.1).

As a result, the attenuated radiation (Gy ka™!
event of an element X is calculated as follows:

) for an «-decay

Xa = [X]*Ax* kxa (10)

where, [X] is the element concentration in ppm (or in % for K), Ay is
the isotopic activity of the radioisotope x in Bq/kg ppm (i.e. the
number of decays occurring in a given time for a specific number of
atoms), and ky, is the specific activity of radioisotope x for an a-
decay event (Eqn. (9)).

Both 228U and 23°U radionuclides have to be added and scaled by
their respective activities (A) and k factors for a given U content [U]
(Eqn. (11)). Finally, for a-decay events, it is necessary to take into
account the effectiveness of the a-particles (Aitken, 1985, 1998) and
thus to multiply the outcome of Eqn. (8) by the a-value (ayq).
Balescu and Lamothe (1993) measured the alpha efficiency of
150—250 um K-feldspar grains for their samples, estimating an aq
of 0.11 + 0.03, which we use in this study. The final equation to
assess the energy of the U a-decay event (Gy ka™!) is:

Ua = ((A23su*kazsua*[U]) + (A23su*kazsua*U])) *aya (11)

This calculation is valid for U series in secular equilibrium.
However, for scenario 2 the 233U-series is in disequilibrium; we can
assume that all daughter radioisotopes below 234U are absent, and
that 234U may be in excess or in deficit. Consequently, only the
parent radioisotopes are considered in the calculation of Ey (Eqn.
(9)), and [U] is scaled by its (92u8htery /parentyy 5¢tjvity ratio u, which
represents the excess or lack of 92UshterX compared to Parentx.
Consequently, the U a-decay dose rate, where 234U is in disequi-
librium with 238y, is:

Ua = ((A23u*k238u0*[U]) + (A234u*K234U0*[UT*1)
+ (A23s5u*ka3500*(U])) *yq (12)

Furthermore even in scenario 2, not all U within the nodule can
be considered to be in disequilibrium because some is derived from
the residual soil fraction (Eqn. (6)). Consequently, the U, dose rate
needs to be calculated for both equilibrium and disequilibrium, and
the U concentrations [U] must be multiplied by the relative pro-
portions calculated in Eqn. (6).

After the calculation of the contribution for each element, the
same decay events' contribution must be added together and cor-
rected for water attenuation using the appropriate factor (here for
o = 1.49; Aitken and Xie, 1990). The following equation shows an
example for the total a-dose rate contribution (Dg):

Da:U"‘+—Tha (13)

(1 1 49*%5)

where, U, and Th,, are the attenuated doses calculated in Eqns (11)
or (12), depending on the scenario (1 or 2), and WF is the water
content (%) of the sample (estimated here to be 10 + 2%).

Finally, the y-dose rate (D'y) needs to be scaled during the time
period T,. Because the nodule diameter is < 30 cm, a nodule cannot
be considered as an infinite matrix (Fig. 2). The final D}, then ac-
counts for the self-dose from the nodule and a contribution from
the host sediment (Aitken, 1985):

y _ P g _ b \p=
DY*100D7+<] 100>D7 (14)

where, the self-dose p (%) is calculated by multiplying the diameter

of the nodule (cm) by its density (2.7 g cm™>, as estimated for the
nodules (n = 5)), D is the gamma dose emltted by the decay of
radionuclides present in the carbonate nodule, and DS is the
gamma dose emitted by the decay of radionuclides present in the
soil.

2.4.2. OSL ages
The OSL age (ka) of trapped minerals, reflecting the deposition
time of the soil parent material (tp), can be calculated as follows:

DESO De no

to=T1+ T, = + = (15)
SO Dno
So,
Deso)
th = ( — + T, (16)
DSO

The length of Ty, or the age of carbonate nodule formation, is
thus important to assess. The objective here is to evaluate the effect
of different T, durations on the OSL age (tp) for both scenarios. As
specified in section 2.1, the pedogenic carbonate nodules are ex-
pected to form in Vertisols inherited from the AHP from c.15to 5 ka
BP; (DeMenocal et al., 2000). Moreover, it is not excluded that
carbonate is still precipitating in the present-day, as the soil
chemical conditions are still favourable (Diaz et al., 2016). Conse-
quently, the two end-members, represented by the minimum and
maximum deposition ages, are:

D
tmin :D_; (17)
De
tmax = =& (18)
max Drg

where, tmin considers that the carbonate nodule never precipitated,
i.e T, = 0, and tue considers that the carbonate nodule always
existed, i.e T, = to. The true sediment age should lie between these
two unlikely end-members, i.e. some residence time in the soil
followed by a second phase trapped in the nodule (Eqns. (15) and
(16)).

For the disequilibrium scenario, the OSL ages are first calculated
with a (234U/?38U) activity ratio of 1.31, assuming that the 234U
daughters are absent. This ratio value is used following the
234y/238y ratios measured for Holocene pedogenic carbonate
nodules from a similar environment in India (Violette et al., 2010).
Different activity ratio values are also tested in subsequent calcu-
lations in order to more specifically determine this effect on the OSL
ages.

3. Results
3.1. Luminescence results

A summary of the luminescence results is given in Table 2 for
nodules NO1 and NO2. The SA overdispersion values (OD) for
subsample NO1gx; are much higher than for subsample NO1yy¢ for
both the IR50 (19.4 + 0.6% and 8.6 + 0.3%, respectively) and pIRIR25
(8.4 +0.3% and 1.1 + 0.8%, respectively) signals. PSG measurements
have higher OD values than SA measurements, but follow the same
trends. The IR5¢/pIRIR25 ratios, which represent the relationship
between the doses derived by the IR5¢ and the pIRIR,25 signals, are
0.50 and 0.41 for PSG and SA respectively for NO1gx:. For NO1jy,
they are 0.74 and 0.64, while for NO2 they are 0.66 and 0.60. This
ratio is expected to be less than unity as the IR5g signal is more
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Table 2

Comparison of pseudo-single grain (PSG) and small aliquot (SA) measurements for samples NO1gx, NO1y, and NO2. The D, values were calculated according to the central age
model (CAM; Galbraith et al., 1999) with uncertainties expressed at +1c. The IRso/pIRIR25 ratio illustrates the difference between investigated signals. The PSG/SA ratio
compares the two measurement approaches. n is the number of aliquots/grains measured.

Pseudo-single grain (PSG)

Small aliquot (SA)

Signal PSG/SA
n D (Gy) IRs0/pIRIR;25 0D (%) n D, (Gy) IRs50/pIRIR25 0D (%)
NOT gyt IRso 63 339+ 152 0.50 38.1+04 24 255+ 6.3 0.40 194 + 0.6 1.3
PIRIR;5 25 673+ 118 15.0 £ 0.5 24 63.1+7.0 84+03 1.1
NOT IRso 125 573 +13.3 0.74 228 +0.1 24 56.4 + 6.9 0.64 86+03 1.0
PIRIR,5 54 77.8 + 104 11.3 £ 0.2 24 883+ 5.2 1.1+08 0.9
NO2 IRso 148 522+ 156 0.66 29.9 +0.2 24 53.6 + 4.0 0.60 51+03 1.0
PIRIR,5 24 789 + 16.8 23107 24 90.5 + 5.5 22+05 0.9
affected by anomalous fading (Thomsen et al., 2008). This is sup- 100 TEETNS
ported by the measured gz4ays values (n = 3), which are 4.5 + 0.9%/ T .4
decade (NO1) and 5.0 + 0.7%/decade (NO2) for the IR5q signals, and - A
1.7 + 0.6%/decade (NO1) and 19 + 0.6%/decade (NO2) for the 80 L
PIRIR,25 signals. Moreover, the pIRIR,,5 signal has been shown to = p 2ot ,,;”/ g
bleach more slowly than the IRsg signal (Buylaert et al., 2012), Q . 4,7 Gt
supported for these samples by the residual doses measured after 8 60 S
sunlight bleaching (~4 Gy for the IR5¢ signal and ~8 Gy for the % Z .
pIRIR;y5 signal, Table 3). The dose recovery ratios (measured dose - . .7 i
residual dose/given dose) measured using PSG for both samples 2 40 ,/,/’, e B NO1,,
show acceptable deviations from unity within 10% (Table 3). The OD < 5 S ’
values for the PSG dose recovery test range between 10 and 24% 2 /// - H NG
(Table 3). n i = NO2
The D, values determined using the PSG and SA measurement 20 /,{;,"/' -
approaches are within uncertainties for all samples, and only the IReo
NO1gx: IR50 signal has a ratio beyond 10% of unity, i.e. 1.3 (Table 2 <O PIRIR,,
and Fig. 3). The kernel density estimate (KDE) plots illustrate the 0
0 20 40 60 80 100

SA D, distribution for NO1gx and NO1y,¢, with both [R5 (Fig. 4A)
and pIRIRyy5 (Fig. 4B) signals. The difference between the two
sample D, values is smallest for the pIRIR;,5 signal.

3.2. Dose rate assessment

Electron microprobe micro-analysis on individual grains indi-
cated that the <2.58 ¢ cm~> mineral extract comprises 30% K-poor
plagioclases (Oligoclase, K-content <5%) and 70% K-rich feldspars
(Orthoclase), resulting in a mean K-content of 12.65 + 0.10% (+10)
for the K-rich feldspar fraction. Assuming the K-rich feldspars
contribute mostly to the measured signal, the calculated Dj is
0.45 + 0.09 Gy ka~! for both NO1 and NO2. The Dcos may have
varied during T, following late-stage erosion (Step IV, Fig. 2). The
extent of erosion is unknown but if we assume a total erosion of
30 cm, Des changes from ~021 Gy ka~! (before erosion) to
~0.29 Gy ka~! (after erosion) for NO1, and from ~0.17 to 0.18 Gy ka ™!
for NO2. The other unconstrained parameter is the proportion of
time affected by the change in the Deos, i.e. when the erosion event

Table 3

Residuals and dose recovery test results from pseudo-single grain (PSG) measure-
ments. The residual D, values were calculated according to the central age model
(CAM; Galbraith et al., 1999) represented with uncertainties expressed at +SE
(standard error). The dose recovery ratio is calculated as the recovered dose - mean
residual (D._res) divided by the given dose (D) and are expressed at +1c.

Signal

Residual dose

Recovery test

n D.+SE(Gy) n De-res/Degx1c  OD (%)
NOlgx  IRso 98 3+03 48 1.03 + 0.30 22+04
pIRIR225 59 8+ 06 22 1.13 £ 0.25 10+ 0.6
NOl1ie  IRso 106 4+04 149 1.03 +0.23 16 + 0.1
pIRIRy25 75 8+1.0 81 0.97 + 0.58 24 +0.2
NO2 IRso 194 3+02 211 093 +0.14 10+ 0.1
pIRIRz25s 168 6+ 0.3 96 094 +0.19 14+ 0.1

PSG CAM D, values (Gy)

Fig. 3. Comparison of the pseudo- single grain (PSG) measurements with small aliquot
(SA) measurements for sample NO1y,¢ (black), NO1gx (white) and NO2 (grey), showing
both IRsp (square) and pIRIRz25 (diamond) signals. Dashed lines show the deviation
percentage (5 and 10%) from the 1:1 line (bold). Uncertainties are shown at one
standard deviation (+10c).

occurred. As proposed by Diaz et al. (2016), this event occurred
after nodule formation and could therefore have been initiated
towards the end of the African Humid Period. The proportion of
time affected by the change in Deos should then be ~30%. Conse-
quently, Deos values of 0.25 + 0.03 Gy ka—!' and 0.17 + 0.02 Gy ka™!
are obtained for NO1 and NO2, respectively, for the whole time
period, i.e. Ty + To.

The external dose rates in the nodule (D, ) were calculated for
both scenarios. Continuing with the example of a-decay as devel-
oped in sections 2.4, the energy values for an a-decay (Ex,) of the
238-series in equilibrium is 42.87 MeV/Bq s, whereas in
disequilibrium, Ex, is reduced to 4.19 MeV/Bq s~ ! (Table A.2). The
resultant kasgy, factors (Eqn. (6)) are thus 0.036 and 0.003, for the
equilibrium and the disequilibrium scenario, respectively. This
represents a one order of magnitude reduction in Dy, (Table A.3).
All the attenuated radiation values, for each element and radiation
type, in the soil and nodule and for both scenarios, are given in the
supplementary material (Table A.3).

Following Eqns. (3)—(6) and geochemical measurements
(Table 1), the calculation of the U fraction included in the carbonate
nodule as a soil detrital fraction, and thus assumed to be in secular
equilibrium, is 0.24 (i.e. 24%). This implies that 76% U was included
as UOy(CO3)z 2 and can thus be assumed to be in disequilibrium. The
resulting external dose rate during the time period T; (Dey, i.€.
from the soil and cosmic ray dose during step I), is
5.36 + 0.34 Gy ka~! and 5.28 + 0.34 Gy ka~! for NO1 and NO2
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Fig. 4. Kernel Density Estimate (KDE) plots. Comparison of the SA equivalent dose (n = 24) for the external part of nodule NO1 (NO1gy) with its internal part (NO1yy,), for both IRs
(A) and pIRIRy,5 (B) signals. The equivalent doses for both signals are significantly different between NO1gy and NO1y,. This difference is greater for the IRsg signal than the pIRIRy5

signal.

respectively. The external dose rate during the time period T> (Dex2,
ie. from the nodule and the soil), is 3.67 + 0.34 Gy ka~! and
3.79 + 0.34 Gy ka~! for NO1 and NO2, respectively, when assuming
secular equilibrium (scenario 1). If disequilibrium is accounted for
(scenario 2), the Dy is 3.00 + 0.34 Gy ka—! and 3.18 + 0.34 Gy ka~!
for NO1 and NO2, respectively (Table 3).

The total environmental dose rate, i.e. taking into account the
Dy, for the time period T; (Dso) is thus 5.81 + 0.34 Gy ka—! (NO1)
and 5.73 + 0.34 Gy ka—! (NO2). For the time period T, (Do), when
assuming secular equilibrium, it is 3.92 + 0.34 Gy ka~! (NO1) and
3.96 + 0.34 Gy ka~ ! (NO2), while it is reduced to 3.25 + 0.34 Gy ka ™!
(NO1) and 3.35 + 0.34 Gy ka~! (NO2) if disequilibrium is accounted
for (Table 4).

The effect of different nodule diameters on the dose rate shows
an increase of ~0.3 Gy between nodule diameters of 0.5 and 10 cm,
which represent a maximum error of c. 8%. Moreover, different
(?34U/%%8U) activity ratio values, ranging from 0.5 to 3 assuming
that 224U daughters are absent, were explored in the calculation of
Deyea. Resulting dose rates range from 3.04 to 3.10 Gy ka~! inducing
a maximum change of 0.06 Gy ka~! (~2%). Finally, the potential
accumulation of carbonate during T; induced a maximum change
of 0.2 Gy ka~! (~8%) if we consider a concentration of 7% carbonate
nodules in the soil according to the present-day observations.
Regarding the lack of real quantitative constrains of these factors
and the negligible effect on the calculated dose rates, we did not
consider them in the age calculations.

3.3. OSL ages

Fig. 5 illustrates the anomalous fading corrected and uncorrec-
ted ages for NO1. It shows the ages calculated for the secular

equilibrium scenario (scenario 1) and between the end-members
(Eqns. (16)—(18)). According to the gpdays values (%-dec), the
correction is more important for the IRsg ages than the pIRIRy25
ages (Fig. 5A, B). The corrected IRs5g ages are in good agreement, i.e.
on the 1:1 line, with the uncorrected pIRIR;,5 ages (Fig. 5C). Greater
deviation between values is observed when comparing the cor-
rected IRs5p ages with the corrected pIRIRy25 ages (Fig. 5D). Even if
the residual doses are subtracted from the pIRIR25 D, value and the
IR50 D, value, the corrected pIRIR,25 ages are ~25% greater than the
corrected IRs5g ages. The agreement between [R5 ages and pIRIR225
ages is good when pIRIR,,5 ages are uncorrected by anomalous
fading.

Fig. 6 illustrates the equilibrium and disequilibrium OSL ages for
samples NO1 and NO2, calculated with time period T, ranging from
0 to 15 ka. The represented ages are the uncorrected pIRIR,5 ages.
The OSL age (tp) ranges from 15 ka to 22 ka. The difference between
the equilibrium and disequilibrium OSL ages is <5% if the carbonate
nodule precipitation age is <7 ka, and between 5 and 10% if the
nodule precipitation age is 7—15 ka. This is represented by the
deviation from the 1:1 line, which increases with the carbonate
nodule age. The OSL ages shown in Fig. 6 were calculated with a
(334U/?38U) activity ratio of 1.31 for scenario 2. However, if the effect
of different (*3*U/*38U) activity ratios (0.5—3), as a function of
different T, durations, is added (Fig. 6, inset), this increases the
difference between equilibrium and disequilibrium OSL ages by
only 1%.

Fig. 7 shows the resulting OSL ages of sample NO1 and NO2
calculated as a function of the carbonate nodule age. The black bold
line and grey bold line represent the disequilibrium and the secular
equilibrium scenarios, respectively. The minimum OSL ages (white
stars) are obtained for a carbonate nodule age of 0 ka, i.e. the

Flrr?tlc)alri:l (Din¢ ), cosmic (Dcos) and environmental dose rates (D) for NO1 and NO2, for the equilibrium (1) and disequilibrium (2) scenarios.
. . . Scenario 1 Scenario 2
Dine Gy ka-1 Dear Gy ka-1 Dso Gy ks Dexey Gy ka™! DpoGy ka™! Dexeo Gy ka™! Dpo Gy ka™!
NO1 0.45 + 0.09 536 +0.34 581 +0.34 3.67 +0.34 3.92 + 034 3.00 + 0.34 325+ 034
NO2 0.45 + 0.09 528 +0.34 573 +0.34 3.79+0.34 3.96 + 0.34 3.18 +0.34 335+0.34
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Fig. 6. Effect of nodule precipitation on calculated OSL ages. OSL ages were calculated
for NO1y, (diamond) and NO2 (square) considering either an equilibrium or disequi-
librium scenario. An activity ratio (>>*U/2*8U) of 1.31 was taken in the calculations. The
difference between both scenarios increases with the carbonate nodule age (i.e. the
duration of T,). The inset shows the effect of changing the (2**U/?38U) activity ratio
from 0.5 to 3 on OSL ages as a function of carbonate nodule age and duration of time T>.
Calculations were done taking the most extreme scenario, i.e. assuming that all 234U
daughters were lacking. The error is <10% irrespective of the (234U/?38U) activity ratio if
the nodule age is 15 ka. The error associated with different (?>4U/?38U) activity ratios
(ranging from 0.5 to 3, grey area) increases with the carbonate nodule age but is
negligible compared to the effect of the absence of 2**U daughters. If these were
present, the disequilibrium scenario would get closer to secular equilibrium.

carbonate nodule never precipitated (=no disequilibrium effect on
the dose rate), and are 15.2 ka (NO1) and 15.8 ka (NO2). However,
when the carbonate nodule precipitates, the Dext Will differ ac-
cording to the different scenarios. This results in two different age-
accumulation rates (Fig. 7), which deviate from one another with
time, i.e. with increasing the carbonate nodule age. The slope of the
lines assuming decay chain equilibrium for nodules NO1 and NO2
(~0.3) is lower than the disequilibrium lines (~0.4), which is a
consequence of the greater D. The maximum OSL ages (black stars)
are c¢. 23 ka for scenario 1 and c. 27 ka for scenario 2, with a
maximum deviation of 18%. These maximum ages imply that the
OSL age is equal to the carbonate age (i.e. the carbonate nodule
already existed at the deposition time). The grey area in Fig. 7
represents the African Humid Period (AHP, c. 5 ka to c. 15 ka); if
we consider that the carbonate nodule formed during the AHP
(Fig. 7, white arrow), giving plausible OSL age ranges between c. 16
to 22 ka.

4. Discussion
4.1. Suitable mineral population

In this study, we investigated the potential issue of partial
bleaching using PSG instead of strict SG. The number of grains is
~10—20 but chemical measurements of the <2.58 gcm™> fraction
showed that 70% of the grains were K-rich feldspars and 30% K-poor
feldspars. Consequently, as K-rich feldspars are brighter, the num-
ber of responding grains is ~7—14 for each PSG measurement.
Except for the IR5g signal of NO1gy¢, the OD values are <30%. For PSG
measurements, the high OD in the D, values can be attributed to
intrinsic factors, such as measurement uncertainties, thermal
transfer, variable rates of fading and extrinsic factors, such as partial
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Fig. 7. OSL ages for NO1 (left) and NO2 (right) as a function of the carbonate nodule formation age. The bold black line represents the equilibrium scenario (1) and the bold grey line
represents the disequilibrium scenario (2). The end-members calculated assuming that the nodule has always existed (maximum OSL age, black stars) and late, instantaneous
nodule precipitation until a nodule age of 0 ka, i.e. carbonate nodule never existed (minimum OSL age, white stars), calculated with Eqns. (17) and (18). The plausible OSL ages
should thus range between these two end-members. As carbonate nodules are expected to form during the African Humid Period (grey area), the most plausible OSL age should

range between 16 and 22 ka (white arrows).

bleaching, post-depositional processes and potentially variable
micro-dosimetry (e.g. Duller, 2008; Lamothe et al., 2012; Reimann
et al,, 2012; Mayya et al., 2006). As the grains might have been
mixed by pedoturbation after deposition, and as the carbonate
nodules were exposed to light after precipitation, scatter in the
equivalent dose (D,) distributions relating to partial bleaching, is
anticipated.

Overdispersion from the dose recovery experiment should
enable scatter caused by intrinsic factors only, to be characterised
(Reimann et al., 2012), and for single-grain feldspar the OD values
measured in other studies range from 6 to 22% (Neudorf et al., 2012;
Reimann et al., 2012; Trauerstein et al., 2014; Smedley et al., 2015).
The OD values of the dose recovery experiments for NO1 and NO2
(PSG) range between 10 and 24% (Table 3); which is significantly
greater than the measured instrument reproducibility (<10% for
PSG measurements). This could be explained by variability in rates
of anomalous fading between grains from the same sample
(Lamothe et al., 2012), or variations in the rate of signal bleaching
(Buylaert et al., 2012; Smedley et al., 2015). When the OD values
recorded for the natural measurements are contrasted with those
from the dose-recovery measurements, it is apparent that most
signals and samples contain some scatter attributed to extrinsic
factors. Heterogeneous carbonate accumulations could result in
micro-dosimetric variations that partly explain this apparent
excess in dispersion. This would be true during step [ (Fig. 2),
however during step II, thin section analyses (Fig. 1C) indicate a
near-homogeneous distribution of detrital minerals in the nodules.
NO1gy has the greatest OD and had the greatest degree of sunlight
exposure (nodule surface, sampled from the surface of a mima-like
mound), which suggests that partial bleaching may be a key cause
of the overdispersion that we observe. This interpretation is sup-
ported by the IRs50/pIRIR,25 ratio, which is significantly smaller
(~0.2) for NO1gx: (0.50) compared to NO1yy (0.74), indicative of
greater reset of the fast-bleaching IRsq signal (e.g. Thiel et al., 2011;
Buylaert et al., 2012). Furthermore pedoturbation processes, which
are characteristic of Vertisols, may also have induced some of the
observed scatter (Bateman et al., 2003). The OD value of NO2 is
29.9+ 0.2% for the IRsq signal, but the NO2 IR5¢/pIRIRy5 ratio is
similar to NO1y, (0.66 and 0.74, respectively), suggesting that the
luminescence signals have not been partially reset. Nevertheless,
the OD values for both NO1y,; and NO2 assessed by PSG

measurements suggest that any partial bleaching is not significant
(i.e OD values are <30%) and the minerals from the internal part of
the nodule are considered suitable for luminescence dating.

Contrasting the PSG and SA measurements indicates that
although some SA D, values are higher than the PSG D, values, they
are within errors and the difference between both approaches
is < 10% (Fig. 3). The difference is greater (>10%) for the IR5qg signal
of NO1gx;, emphasizing that post-deposition bleaching affects the
exterior of surficial nodule NO1 and that the IRsq signal bleaches
most rapidly. Consequently, as PSG measurements are time
consuming and technically challenging (Duller, 2008; Trauerstein
et al., 2014), and as they do not significantly change the D, values
determined for these samples, it is suggested that the SA approach
is both sufficient and appropriate.

Finally, comparing the SA measurements for NO1gx: and NO1yy¢
(Fig. 4), the difference in D, values between the internal and
external parts is significant for both the IR5¢p and pIRIR,35 signals,
but is greatest for the IR5g signal. This may be explained by the
slower bleaching of the pIRIR,,5 signal in comparison to the IRs5q
signal (Buylaert et al., 2012), as also evidenced by our residual
measurements (Table 3). Differences between the IR5p and pIRIR225
D, values are explained by anomalous fading (Thomsen et al., 2008;
Buylaert et al.,, 2012). Fading corrections were done using the
luminescence package (v.0.3.4) in RStudio (Kreutzer et al., 2012)
following Huntley and Lamothe (2001). According to Fig. 5, the IRsg
and pIRIRy5 ages are in good agreement when pIRIR;25 ages are
uncorrected for anomalous fading (Fig. 5C). However, when
PIRIR,,5 ages are corrected for anomalous fading, they overestimate
the age compared to corrected IRsg ages (Fig. 5D). Subtraction of the
residual measured following 4 h of sunlight exposure in Lausanne
cannot reduce the fading-corrected pIRIR25 age overestimation,
relative to the fading corrected IRsg ages. The gpqays values
measured for the pIRIR;ys5 signal are close to 1.5%/decade within
error, measuring such low fading rates accurately is difficult.
Therefore, fading correction may not necessarily give more accurate
ages (Wallinga et al., 2007; Roberts, 2012). Moreover, the residual
dose was measured after sunlight exposure in Lausanne, which
may be considerably different from the natural depositional envi-
ronment in Cameroon. Finally, as discussed previously, our results
suggest that the pIRIR,y5 signals of NO1y, and NO2 were not
affected by partial bleaching. Consequently, regarding (i) the
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challenge of accurately constraining low rates of anomalous fading,
(ii) the lack of an appropriate residual dose analogue, and (iii) the
good agreement between fading-corrected IRs¢ ages and uncor-
rected pIRIRyy5 ages, the latter are regarded as being the most
representative of the true age (Fig. 5C).

4.2. Effect of carbonate nodule formation on the environmental
dose rate

The carbonate nodule formation event induced two different
effects: (1) a change in the radionuclide concentration, and (2) as
assumed in this study, a disequilibrium in the 23®U-series. Conse-
quently, the D is 50% lower during T, than during Ti, as the
respective radionuclide concentrations also reduced. Moreover, if
the 238U-series is considered to be in disequilibrium (scenario 2)
during Ty, the D is reduced by a further 19 + 3% (~0.7 Gy ka~!) than
when secular equilibrium is assumed (scenario 1). This is a
maximum estimate because we assume that all 224U daughters are
absent. However, this difference is significant and two times more
important than the uncertainties induced by different (>34U/?38U)
activity ratios or different carbonate nodule diameters, which exert
maximum changes of 2% (0.07 Gy ka~! between 234U/?38U activity
ratios of 0.5 and 3) and 8 + 1% (0.3 Gy ka~! between diameters of
0.5 and 10 cm), respectively. Finally, the progressive accumulation
of carbonates during T; could induce a change in the infinite matrix
dose rate. Calculating the dose rate assuming a maximum probable
carbonate accumulation of 7% (as presently observed in the soil),
results in maximum change of D during Ty of 3% (0.2 Gy a™1).
Consequently, all combined, the maximum total uncertainty,
without the disequilibrium effect, on the environmental dose rate
may be ~10% (~0.5 Gy ka™1).

4.3. Soil parent material deposition age

The significance of the disequilibrium effect depends directly on
the age of the carbonate nodule, i.e. the duration of time period T».
Thus whilst the environmental dose rate (D) may change consid-
erably, the effect on the OSL age may be relatively limited. The
uncertainty induced by the disequilibrium is <10% for nodule ages
ranging from 0 to 15 ka. As Dy, is lower than Dy, when the Dy,
contribution increases, i.e. T, increases, the OSL age becomes older
(Fig. 6). This is also apparent within the disequilibrium scenario.
The effect of different (234U/?38U) activity ratios (0.5—3) on the OSL
age (Fig. 6, inset), as a function of different T, durations, is even less
significant (~1%) than the absence of 234U daughters (<10%). If some
234y daughters were present, the difference between the equilib-
rium and disequilibrium OSL ages would be smaller. Furthermore,
regarding Fig. 7, it is possible to state that both minimum (c. 15 ka)
and maximum (c. 23 or 27 ka) OSL ages are improbable: T, = 0 is
impossible as the nodule exists, and T, = ty is unlikely as the car-
bonate nodule formed within the host soil. It is thus certain that the
deposition event preceded carbonate accumulation (i.e. T> < tp).
The time of mineral deposition (tg) should thus range between
these two end-members (Fig. 7). Finally, the nodule growth rate is
unknown but this effect on the final age would induce a maximum
uncertainty of 5% (~2 ka). However, this is for tpq, if we look at OSL
calculated ages between the expected T, range, the error would be
less than 2% on the OSL age (<1 ka), which is considered negligible
as it is within errors.

Consequently, the maximum difference between the two sce-
narios is 15.5 + 1.5% on average for both samples (Fig. 7). As the
carbonate nodules are expected to form during the AHP (Fig. 7; grey
area), the uncertainty induced by disequilibrium should be less
than 10%. Nevertheless, even in this range, the most probable OSL
age ranges are 17—20 ka and 17—22 ka for the equilibrium and the

disequilibrium scenarios, respectively. The OSL age uncertainty is
thus still ~20%, which is significant. Consequently, it is crucial to
independently assess the duration of T to calculate accurate OSL
ages. The uncertainty attributed to the carbonate nodule age is
higher than the uncertainty attributed to the disequilibrium.
Finally, the uncertainties related to other parameters, such as the
nodule growth rate, the degree of disequilibrium or the progressive
accumulation of carbonate during T, are even lower than the
disequilibrium. Since these parameters have a negligible influence
on the paleoenvironmental interpretation, they are not considered
further.

4.4. Mineral fractions within pedogenic carbonate nodule as time
archives

The minerals trapped in the pedogenic carbonate nodules can be
used to assess the age of the soil parent material deposition.
Despite the amount of uncertainty induced by the carbonate
nodule age and the associated disequilibrium, calculated OSL ages
show that the deposition of the soil parent material may have
occurred before the AHP, i.e. before 15 ka. Such ages would suggest
that the soil parent material was deposited during a drier period,
termed the Bossoumian (Hervieu, 1970). This information is
important and confirms the hypothesis that the soils may have
been initiated during the AHP (Diaz et al., 2016) following the
Bossoumian and thus the deposition of the soil parent material.
However, to strengthen this statement the deposition ages need to
be calculated more accurately, and in order to achieve this, the
carbonate nodule precipitation ages must be determined inde-
pendently with other methods (i.e. U/Th or radiocarbon dating).
Nevertheless, pedogenic carbonate nodules are important time
archives and can be used to get temporal information on the soil
parent material deposition constraining the onset of pedogenesis,
to which carbonate precipitation is related.

5. Conclusions

Carbonate nodules in soil relics can be used as time archives. As
they are pedogenic in origin, the minerals trapped within them are
representative of the soil parent material. Luminescence dating of
these minerals can provide information on the deposition time of
the sediments from which the soils developed. In this study,
pedoturbation and post-deposition partial bleaching can affect the
OSL signal of the minerals. We show that the minerals from the
internal part of a nodule have low overdispersion values using
either pseudo-single grain or small aliquot measurements, which
suggests that this mineral population is unaffected by partial
bleaching and/or pedogenic processes and is thus suitable for OSL
dating. Moreover, the carbonate precipitated from surficial waters
and, in this context, the 238U-series is likely to be in disequilibrium.
We found that only 76% of U could be considered in disequilibrium,
the other 24% being derived from the trapped residual soil fraction
and thus assumed to be in secular equilibrium. Considering this
context, the worst-case disequilibrium scenario is when all 234U
daughters are absent, which results in a decrease of the environ-
mental dose rate by 19 + 3% (~0.7 Gy ka™ '), irrespective of the
(?38U/%28U) activity ratio value included in the calculations (from
0.5 to 3). However, the effect of disequilibrium on the final OSL age
is shown to be strongly dependent on the carbonate nodule pre-
cipitation age. As the carbonate nodules are expected to have
precipitated during the AHP, the maximum uncertainty on the OSL
ages should be c. 20% and the maximum error induced by the
disequilibrium should be <10%. To conclude, the assessment of the
carbonate nodule age is important for OSL age calculations, when
using minerals trapped within carbonate nodules. It is advisable to
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combine independent methods to assess the time of carbonate
formation. However, this alternative dating approach is useful
when fieldwork/logistical issues prevent the possibility of collect-
ing soil or sediment samples for OSL dating. Moreover, our pro-
posed method is promising and has the potential to constrain soil
formation and associated pedogenic processes inducing secondary
carbonate precipitation. Beyond being geochemical proxies, pedo-
genic carbonate nodules are thus also valuable sedimentary time
archives.
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