
files

o)

nt element
quilibria

o. Trace
trasted
obilization,
ls
gains and
f the iron
on of U
constants

ace

ération est

de Kaya
es
ace montrent
C. R. Geoscience 335 (2003) 1219–1231

Surface Geosciences

Tracing and dating recent chemical transfers in weathering pro
by trace-element geochemistry and238U–234U–230Th disequilibria:

the example of the Kaya lateritic toposequence (Burkina-Fas

François Chabauxa,∗, Olivier Dequinceya, Jean-Jacques Lévèqueb,
Jean-Claude Leprunc, Norbert Clauera, Jean Riottea, Hélène Paqueta

a Centre de Géochimie de la Surface, EOST, 1, rue Blessig 67084 Strasbourg cedex, France
b Institut de physique du Globe de Strasbourg, EOST, 5, rue Descartes, 67084 Strasbourg cedex, France

c IRD, 911, av. Agropolis, 34032 Montpellier cedex 1, France

Received 31 March 2003; accepted 6 October 2003

Written on invitation of the Editorial Board

Abstract

The paper presents a synthesis of the approach recently developed to constrain the nature and the age of rece
mobility in weathering profiles. The approach relies on a comparison of variations of trace elements and U-series dise
in weathering profiles. It is exemplified in the case of old lateritic profiles from the Kaya toposequence, Burkina Fas
elements and238U–234U–230Th disequilibria have been analysed in whole rock samples from two pits located in very con
topographical positions. Trace element data show that the whole toposequence is marked by an intense chemical rem
including uranium, from the cap to the lower part of the profiles.238U–234U–230Th disequilibrium data outline that all the leve
of the profiles are affected by recent U–Th fractionations, and that each level of the toposequence is marked by U
losses. The chronological approach developed in this paper leads to an age of about 400 kyr for the dismantling o
cap, and ages ranging from 0 to 400 kyr for U accumulation in the pink clay horizon of the profiles. The depth repartiti
accumulation in the profile implies that the remobilisation processes in this toposequence varied through time, on time
similar to those of climatic variations.To cite this article: F. Chabaux et al., C. R. Geoscience 335 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Traçage et datation des mobilités récentes au sein des profils d’altération par l’étude comparée des éléments en tr
et des déséquilibres238U–234U–230Th : exemple de la toposéquence latéritique de Kaya (Burkina-Faso).Une synthèse de
l’approche récemment développée pour caractériser la nature et l’âge des mobilités récentes au sein des profils d’alt
présentée ici. Cette approche repose sur la comparaison des variations des éléments en trace et des déséquilibres238U–234U–
230Th au sein des profils d’altération. Elle est illustrée dans le cas de profils latéritiques anciens de la toposéquence
au Burkina Faso, pour laquelle les éléments en trace, ainsi que les déséquilibres238U–234U–230Th ont été analysés dans l
roches totales de deux profils situés dans des positions topographiques contrastées. Les données en éléments en tr

* Corresponding author.
E-mail address: fchabaux@illite.u-strasbg.fr (F. Chabaux).
1631-0713/$ – see front matter 2003 Académie des sciences. Publis
doi:10.1016/j.crte.2003.10.007
hed by Elsevier SAS. All rights reserved.

http://


1220 F. Chabaux et al. / C. R. Geoscience 335 (2003) 1219–1231

x inférieurs
ements
L’approche

uirasse et
des âges
cuirasse
que l’ensemble de la toposéquence est marqué par une intense mobilisation chimique de la cuirasse vers les niveau
du profil. Les déséquilibres238U–234U–230Th montrent que l’ensemble de la toposéquence est affecté par des fractionn
U–Th récents, et que chaque niveau de cette toposéquence est marqué par des pertes et des gains d’uranium.
chronométrique utilisée conduit à la détermination d’un âge d’environ 400 ka pour le début du démantèlement de la c
d’âges compris entre 0 et 400 ka pour l’accumulation d’uranium dans les parties plus profondes du profil. La répartition
d’accumulation d’uranium avec la profondeur implique que les processus de mobilisation liés au démantèlement de la
ont varié au cours du temps sur des échelles de temps similaires aux variations climatiques.Pour citer cet article : F. Chabaux
et al., C. R. Geoscience 335 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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La détermination de la nature et de l’âge des m
bilités au sein des profils d’altération constitue une
formation importante pour retrouver les étapes de
mation et d’évolution de ces profils, mais aussi p
retrouver, au sein des profils, les phénomènes actu
ment actifs et qui contrôlent les flux chimiques tra
portés par les rivières des continents aux océans
problème de la datation des sols a été principalem
abordé jusqu’à présent par l’étude des potentia
de chronomètres donnés [2,4,5,7,8,12,14,33,36].N
proposons ici d’illustrer une approche différente,
consiste à combiner l’information portée par des
ceurs géochimiques qui enregistrent les phénom
d’altération sur des échelles de temps différentes.
précisément, il s’agit de présenter une synthèse
principaux résultats obtenus récemment en compa
les éléments en trace et les déséquilibres238U–234U–
230Th dans deux profils latéritiques de la toposéque
de Kaya au Burkina Faso [16–18]. Les éléments
trace intègrent l’ensemble des fractionnements g
chimiques enregistrés pas les profils, alors que les
équilibres de la série de l’238U (Fig. 1) donnent une
information sur les fractionnements les plus réce
Cette comparaison permet de déterminer la mob
récente au sein des profils et leur constante de tem

La toposéquence de Kaya, développée sur un
stratum granodioritique précambrien, a été étudiée
détail par Leprun [28]. Elle comporte trois sous-uni
superposées (Fig. 2). La croûte ferrugineuse su
rieure se serait formée directement au contact d
roche mère et correspondrait à un niveau d’accum
tion issu du lessivage d’un niveau plus ancien [16,
t

-

28]. Deux profils situés en positions topographiq
contrastées, c’est-à-dire un profil amont (Kaya 1
un profil aval (Kaya 5), ont été étudiés.

La variation des éléments en trace au sein de
deux profils conduit à séparer les éléments en t
grands groupes (Fig. 3) : (1) les éléments solubles (
Na, K, Mg, Ca) lessivés hors du profil lors de l’altér
tion des minéraux parentaux, (2) les éléments enri
dans la croûte ferrugineuse, c’est-à-dire Fe, V, Cr,
et Th, (3) les éléments comme les terres rares, Y,
Co et Zn enrichis dans les unités intermédiaires
profils. L’uranium a un comportement intermédiai
puisqu’il est enrichi dans la croûte ferrugineuse
profil aval, alors qu’il se trouve enrichi dans les p
ties intermédiaires du profil amont. L’ensemble d
enrichissements dans les unités intermédiaires es
à une redistribution verticale des éléments depui
cuirasse où ils étaient antérieurement concentrés
18]. Les variations latérales, qui apparaissent lors
l’on compare les deux profils étudiés, indiquerai
une redistribution chimique plus intense dans le p
fil amont que dans le profil aval, et seraient la con
quence d’une évolution minéralogique plus avan
dans le profil amont [18].

Les déséquilibres radioactifs mesurés dans les
fils indiquent que l’ensemble du profil est affecté p
des mobilités récentes d’uranium. La position d
points de données dans les parties dites interd
du diagramme concordia (234U/238U)–(230Th/238U)
(Fig. 4) implique que chaque niveau du profil est
fecté par des pertes et des gains d’uranium. Un sch
de pertes et de gains continus en U a été dévelo
[17] et utilisé pour définir l’âge des mobilités d’ur
nium au sein des profils (en préparation). L’appro
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chronométrique proposée, qui sera développée
un papier compagnon, repose sur la comparaison
données dans le diagramme isochrone (230Th/232Th)–
(238U/232Th) et le diagramme concordia (234U/238U)–
(230Th/238U). La méthode consiste à définir les pa
mètres du modèle qui donnent des courbes d’évolu
cohérentes dans les deux diagrammes (Fig. 5). Elle
cessite une estimation réaliste du rapport U/Th ini
avant mobilisation, et fait appel à une méthode inve
de type Monte Carlo. On détermine par cette métho
et les paramètres de mobilités d’uranium, et l’âge
début de sa mobilisation. L’application de cette a
proche au profil Kaya 1 donne un âge d’environ 400
pour le début du démantèlement de la cuirasse (Fig
et des âges compris entre 0 ka et 400 ka pour l
cumulation de U dans les parties plus profondes
profil (Fig. 7). L’âge de 400 ka est cohérent av
l’âge de démantèlement de la cuirasse, alors que l
zéro indique que certains enrichissements dans les
tés intermédiaires sont récents, voire sub-actuels.
zones d’accumulation d’uranium dans les unités
termédiaires semblent varier au cours du temps, a
des constantes de temps proches de celles des v
tions climatiques (Fig. 7). Cette observation, si elle
confirmée par les études ultérieures, suggérerait
possible influence des cycles climatiques sur les
cessus d’altération. Elle indiquerait également que
processus actuels d’altération peuvent être différ
des processus anciens enregistrés dans les profils

1. Introduction

Determination and dating of geochemical fractio
ations in weathering profiles represent key inform
tion in Earth’s sciences, which has immediate con
quences on the problem of the formation and evolu
of weathering profiles and the still debated quest
of soil age. Such information is also very helpful f
recovering the exact place of continental weather
in global geochemical cycles, especially by the de
mination of the processes presently active in wea
ering profiles, which control the chemical fluxes c
ried by rivers from continents to the ocean. In oth
words, such knowledge is central for a correct u
of the chemical analysis of dissolved and particul
loads of rivers to estimate weathering budgets at
tershed scale.
-

-

Until now the question of soil dating has main
been approached by the study of weathering pro
of a given chronometer in order to evaluate its chro
metrical potential. This can be illustrated by stud
involving K–Ar or 40Ar–39Ar methods (e.g., [44] and
references therein),87Rb–87Sr chronometer (in [14])
cosmogenic nuclides (e.g., [2,4,12]) or U–Th radio
tive series (e.g., [5,8,33,36]). Only a few studies h
attempted to couple multiple chronometers. Yet, c
pling geochemical tracers that recorded weathe
processes on different time scales constitutes a p
erful approach to determine and date the sequenc
geochemical fractionations affecting weathering p
files. Here we propose to illustrate the interest of s
an approach by presenting a synthesis of recent stu
on the comparison of trace elements and238U–234U–
230Th nuclides analysed in lateritic profiles from t
Kaya toposequence in Burkina-Faso [16–18]. Tr
elements integrate the whole chemical fractionation
the weathering profiles, whereas nuclides of radio
tive series only focus on the most recent proces
(i.e., processes younger than 106 yr). This compari-
son, thus, allows determination of the recent mobi
processes and their time constant.

2. 238U–234U–230Th radioactive disequilibria and
study of the weathering processes

The capacity of the238U–234U–230Th radioactive
disequilibria to record recent geochemical fractio
tions is a consequence of the function of the radio
tive decay series. As with all the natural U–Th seri
the 238U series begins with a very long half-life nu
clide that decays to a lead isotope through a succes
of radionuclides of much shorter half-lives (Fig. 1
As a consequence, after a closed system evolutio
about 106 yr, the series reaches a state of secular e
librium in which all the nuclides have the same a
tivity. Each process perturbing such a state thro
chemical or isotope fractionation creates a radio
tive disequilibrium. This is a transitory state that r
turns to secular equilibrium by the effect of radioa
tive decay. The return to secular equilibrium depe
on the radioactive period of the perturbed nuclide a
is faster the shorter the half-life. Thus, with a radio
tive period of 248 kyr for234U, radioactive disequi
librium between238U–234U will disappear in abou
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Fig. 1. Presentation of the238U radioactive series.

Fig. 1. Présentation de la série de désintégration de l’238U.
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1 or 1.2 Myr, whereas, with a period of 75 kyr fo
230Th, 234U–230Th disequilibrium will disappear in
about 300–375 kyr. The dual property of the radio
tive disequilibria to be created by geological proces
and to disappear on short time periods explains
unique role of the radioactive nuclides for studyi
and dating recent Quaternary phenomena. The ra
of application of these tracers is considerable and c
cerns many domains of the Earth sciences (see
22]).

Weathering and more generally water–rock
teractions fractionate the238U–234U–230Th nuclides
and create238U–234U–230Th disequilibria in soils and
weathering profiles. This results from the fact tha
and Th (i) can be carried by different mineralogic
phases, which behave differently relative to weath
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ing (e.g., [30,34,41]), and (ii) have very contraste
geochemical behaviour in solution [25,26] (see a
references in [13]). The potential of these disequi
ria for studying the nature, intensity, and also tim
constant of weathering has been recognised since
1960s [21,38,40]. A recent review of these studie
given by [13]. The studies followed two main dire
tions. The first involved dating of pedogenic conc
tions through the use of the234U–230Th chronometer
(e.g., [23]), with promising progresses linked to n
techniques of mass-spectrometry measurement (
[31]). The second one concerned study of the de
variations of238U–234U–230Th disequilibria in weath-
ering profiles and soils for determining the progr
sion rate of the weathering front (e.g., [5,33]). The
latter studies impose as a prerequisite to recognise
exact origin of U–Th fractionations in the weatheri
profiles. Comparison of238U–234U–230Th disequilib-
ria with trace-element data largely contributes to
derstand this point, as will be illustrated with the stu
of the Kaya toposequence in Burkina Faso.

3. Presentation of the Kaya toposequence

The Kaya toposequence is composed of late
profiles developed on an old Birrimian granodior
basement (∼2.1 Gyr from [1]). A detailed mineralog
ical and petrological study was conducted by Lep
[28], who divided the toposequence into three m
horizontal units (Fig. 1). The lowest, named the p
tachio unit, contains kaolinite and smectite as s
ondary minerals with a significant amount of mi
erals inherited from bedrock. The intermediate u
named the pink clay unit, consists of secondary ka
nite and goethite, whereas the uppermost unit is hig
enriched in iron oxides (goethite and hematite) a
forms a ferruginous duricrust. Several scenarios h
been proposed in the past for duricrust formation (
references in [3,11,42]). The uppermost ferrugin
duricrust of the Kaya toposequence is considere
be a level directly formed in contact with the bedro
and resulting in an accumulation level issued from
leaching of an older overlying horizon [3,17].

Major and trace elements and238U–234U–230Th
disequilibria have been analysed in whole rock sa
ples from two pits of the toposequence located in v
contrasted topographical position. The first one, ca
,

Fig. 2. Sketch of the Kaya toposequence, with the three main li
logical units.

Fig. 2. Schéma de la toposéquence de Kaya, représentant les
unités principales.

the Kaya 1 pit or the uphill profile, occurs on the top
a residual hill. The second one, the Kaya 5 pit or
downhill profile, is located in a lower topographic
position (Fig. 2). Details of the analytical techniqu
can be found elsewhere (e.g., [17,39]).

4. Chemical fractionation in Kaya toposequence

The geochemical study performed on these two
leads to a characterisation of the main chemical m
bilisations within the profiles and of their lateral va
ability. The chemical mobility within weathering pro
files, especially in lateritic systems, is a still deba
question (e.g., [37,43]). It can be quantified by us
classical approaches such as the isovolume or iso
mentary approaches. The isovolume approach, p
larised by Millot and Bonifas [35], relies on and is o
ten justified by the observation that part of the wea
ering profiles evolved without global volume modi
cation. Such hypotheses could be applied for the lo
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Fig. 3. Chemical mobility of major and trace elements relative
Ti, normalized to the bedrock ((X/Ti)N = 1 for the bedrock): (a)
soluble cations, (b) elements enriched in the iron caps, (c) elements
enriched in the lower units.

Fig. 3. Mobilité chimique relative des éléments majeurs et
éléments en trace par rapport au Ti, normalisée à la roche
((X/Ti)N = 1 pour la roche mère) : (a) cations solubles, (b) éléments
enrichis dans la carapace ferrugineuse, (c) éléments enrichis dans le
unités inférieures.

part of the Kaya profile [27,29]. In this case, as
made for the Kaya toposequence in [16], the comp
ison of density and chemical concentration betw
the rock samples and the bedrock allows a quantifi
tion of the inputs and losses of the elemental mo
ity within the different levels of a weathering profi
in an isovolume evolution. However, this approach
too rough for studying the chemical mobility in th
iron crust, where compaction figures have been
ported [28]. Quantification of chemical mobility ha
to be made by using an isoelemental approach. In s
an approach, it is assumed that during weathering
least one element remains totally immobile, and the
fore can be used as a reference for studying the
bility of the other elements [9,10]. The main questio
still debated, is to know whether a real immobile e
ment exists or not (e.g., [15,24,32]). It seems obvi
today that the more or less immobile character of
ements depends on the weathering context. It ca
variable from one toposequence to another and, wi
a toposequence, from one part of the profile to anot
The Kaya lateritic toposequence gives a good illus
tion of this latter point [18], as some elements seem
be immobile in the uphill profiles (i.e., retained in th
iron crust), whereas downhill they are redistributed
the lower parts of the profile. For a Hawaii chrono
quence, Kurz et al. [24] showed that Nb is the le
mobile element. For the Kaya toposequence, com
ison of depth variations of sample density with var
tions of elemental concentrations [16] suggests tha
is a very poorly mobile element, and can therefore
used as a reference for estimating the mobility of
other elements. Using this approach, three group
elements are defined (Fig. 3). The first one consist
the very soluble elements (i.e., Na, K, Mg, Ca), wh
are lost in the lower part of the profile. This chem
cal loss is associated with the progressive disapp
ance of primary minerals of the bedrock, in the low
part of the profile [17]. The second chemical gro
is composed of elements enriched in the ferrugin
duricrust. It includes Fe, V, Cr, Ce, and Th. In ad
tion to these two main groups, a third one consists
immobile elements enriched in the intermediary un
which includes the rare earth elements (REE), Y,
Co and Zn for both studied pits. Compared to this s
division, U has an intermediate behaviour, since i
enriched in the iron cap of the downhill profile, lik
Ce and Th, whereas it is enriched in the intermed
units of the uphill profile. The chemical enrichmen
in the intermediate units of the Kaya profiles can
interpreted in terms of a vertical redistribution of e
ments from ferruginous cap, where they were initia
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concentrated, to the lower parts of the profiles [1
This interpretation is consistent with the REE patt
marked by a positive Ce anomaly in the REE-deple
ferruginous cap and a negative one in the interm
ary unit, enriched in REE (see [17,18]). These res
therefore suggest that the downward vertical redist
ution occurring from the iron cap to the lower horizo
of the Kaya toposequence is an important process
the control of mobility of elements, such as the tran
tion metals, REE and U in the uphill profile.

In the detail, however, the two profiles show d
ferences in redistribution processes, especially fo
which is much more redistributed in the uphill profi
than in the downhill one. Differences in the La/Lu r
tios between the two profiles are also observed. Th
differences are explained by a higher chemical re
tribution in the uphill profile than in the downhill one
This is detailed in Dequincey et al. [18], who expla
the lateral geochemical variations in the Kaya topo
quence by a more advanced mineralogical evolutio
the uppermost horizons in the uphill profile than in t
downhill one, and who relate these variations by la
ally variable drainage conditions.

5. Radioactive disequilibrium in the Kaya
toposequence

As the U budget in the Kaya toposequence is hig
affected by the vertical chemical transfers related
the iron-cap dismantling,238U–234U–230Th disequi-
libria can help determine the nature and the age of
process. For the study of the Kaya toposequenc
and Th isotope ratios have been measured by T
[18]. Compared to the traditional radioactive count
methods, TIMS techniques improve the analytical p
cision by nearly one order of magnitude and reduc
the same proportions the sample size required for
analysis (e.g., [20]). This improvement allows a p
cise measurement of the small variations of U–Th
tivity ratios in soil samples, and therefore the ana
sis and the comparison of two chronometers, nam
238U–234U and234U–230Th, applicable on time scale
that overlap. This was not possible in previous stud
using alpha counting techniques for the measurem
of U and Th isotopes [5,19,33]. Such a comparis
brings new constrains for the choice of an interp
tation model of U-disequilibria in soils, and for ag
determination of chemical mobilization within weat
ering profiles.

6. Choice of an interpretation model

During water–rock interactions associated w
weathering processes,234U is more mobile than238U
and U nuclides more mobile than230Th. There-
fore, weathering fluids as well as minerals new
formed from these fluids should develop complem
tary 238U–234U–230Th disequilibria with respect to
residual minerals: (234U/238U) > 1 and (230Th/238U)
< 1 in weathering fluids and newly formed minera
and (234U/238U) < 1 and (230Th/238U) > 1 in resid-
ual materials. As a consequence, a system initiall
secular equilibrium and suffering only gains or loss
of U relative to Th, should plot in the quadrants
the 234U/238U–230Th/238U diagram, where both dise
quilibria are opposite: the accumulation quadrant w
(234U/238U) > 1 and (230Th/238U) < 1 and the leach
ing quadrant with reverse disequilibrium (see also [
and references therein). No data points should plo
the two other quadrants, aptly named the forbid
zones. However, most of the Kaya samples plot in
forbidden zones (Fig. 4). Such a position implies t
the data cannot reflect the evolution of a system p
viously at secular equilibrium, in which U would sim
ply have been leached in some parts and redepo
in others. As discussed in Dequincey et al. [17], su
a pattern implies that both U gains and losses af
each level of the toposequence. The choice of a r
istic scenario to model this dual process will be d
cussed elsewhere. Let us notice, here, that a sce
of two distinct successive events, i.e., an initial U ac
mulation into the ferruginous cap followed by a furth
U leaching with successive U gains and losses wo
lead to unrealistic young ages for the formation of
ferruginous duricrust (in preparation). Scenarios w
a more complex U mobilisation scheme have there
to be involved; a limit case, in which both U input an
output are continuous processes affecting an old
erite, has been proposed for the Kaya toposeque
The mathematical drawing-up of this model is giv
in Dequincey et al. [17]. This model accounts for t
position of the data points in all parts of the U–Th
agram. It depends on four parameters: the intens
of the238U gain and loss and the234U–238U fraction-
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Fig. 4. (234U/238U) vs. (230Th/238U) activity diagram. Diamonds
for Kaya 5 whole rocks, squares for Kaya 1 whole rocks. Bla
symbols represent samples from the ferruginous units. Grey z
are the so-called ‘forbidden zone’ (see text).

Fig. 4. Diagramme d’activité (234U/238U)–(230Th/238U). Lo-
sanges : roche totale de Kaya 5 ; carrés : roches totales de Ka
symboles pleins : échantillons de la zone ferrugineuse. La zone
sée correspond au domaine dit « interdit » du diagramme d’act
(voir texte).

ation for each mobilisation processes. The applica
of such a scenario to the Kaya toposequence lead
a coherence with the U/Th elemental data, as it ag
with the conclusion that the uphill profile is more i
tensively leached than the downhill one (in prepa
tion). It is therefore used to constrain the age or
time scale of recent U mobility within this profile.

7. Dating concept and application to the Kaya
toposequence

The method developed to constrain the time c
stant of recent U mobility associated to disma
tling of the iron cap relies on the comparison
the data points in both the ‘isochron’, (230Th/232Th)
vs. (238U/232Th) diagram, and the ‘concordia’ (234U/
238U) vs. (230Th/238U) diagram. This method will be
presented in a companion paper (in prep.). Here
principle and the main conclusions deducted for
Kaya profile will be summarised.

The method consists in finding, for a given da
point, a set of mobility parameters that provide t
same age in the two above diagrams. This mean
turn, to find consistent time-evolution curves in t
two diagrams (Fig. 5). This method obviously requi
;

us to define the U–Th value of the parent material
fore U mobilisation. Determination of the evolutio
curves, which are entirely defined by a set of mo
ity parameters, relies on a Monte Carlo statistical
proach. It consists to propose an a priori set of mo
ity parameters and to recover among these param
those, which give consistent ages in the two diagra
The choice of the a priori parameters as well as of
initial values of the parental material before mobilis
tion relies on some simple considerations concern
trace elements in Kaya 1 and in Kaya 5.

Trace element data indicate important differen
in the chemical distribution between the uphill (Kaya
and the downhill (Kaya 5) pits. These differences
late to a more advanced evolution degree in the up
profile (see Dequincey et al., [18]). By assuming si
ilar initial U/Th ratios before vertical redistribution i
both profiles, and by considering a quite limited U
distribution in the Kaya 5 profile, a fair coherence a
pears, at the scale of the Kaya 1 pit, between the U
in the iron cap and the U accumulation in the low
horizons (Fig. 6). This observation has two main c
sequences: (i) the part of the Kaya 1 profile studie
here is sufficient to record the vertical U redistributi
of this profile, and (ii) the Kaya 5 profile can be used
a reference of Kaya 1 before U redistribution. In oth
words, the mean U/Th ratio of Kaya 5 iron cap can
used as the initial value of the U/Th ratio of the Ka
1 iron cap. In these conditions, a U mass balance b
get performed at the scale of the Kaya 1 profile sho
that nearly 50% of the initial U retained in the iron c
of the profile has been redistributed downward. T
observation allows us to propose a reasonable rang
a priori values for the a coefficients of the model, th
is, for the U leaching and input coefficients. Similar
the distribution of U activity ratios within the profil
leads to a definition of the a priori range of the U a
tivity ratios in the mobility fluids. With these differ
ent constrains, the age of the beginning of U mobili
tion and the values of mobilisation parameters can
quite well constrained for the Kaya 1 profile. An a
of 200–300 kyr is obtained for the beginning of t
U mobilisation of the samples buried between 2 a
3 m (black curve in Fig. 6) and an age of 300–400
for the upper pisolithic layer of the profile. The resu
therefore confirm that the Kaya ferruginous duricr
is not presently stable, and that cap dismantling be
several hundreds of thousands years ago.
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Fig. 5. Left side: theoretical scheme retained for the interpretation of U–Th disequilibria in the Kaya toposequence; each lev
toposequence is affected by continuous U gains and losses; Th is supposed to be an immobile element (F = uranium input flux in activity
per time unit;a = time constant of U outputs;λ = radioactive decay constants). Right side: dating principle by comparison of time evo
curves for each data point in isochron and concordia diagrams; by assuming a system in secular equilibrium before U mobilisatio
choosing a realistic initial (230Th/232Th) ratio, a set of U mobilization parameters is retained in order to obtain consistent evolution curv
consistent dating in both diagrams. The age thus obtained corresponds to the age of the beginning of the U mobilisation. The meth
applications will be detailed in a companion paper.

Fig. 5. Partie gauche : schéma théorique retenu pour l’interprétation des déséquilibres238U–234U–230Th dans la toposéquence de Kaya ; chaq
niveau de la toposéquence est marqué par des pertes et des gains continus d’uranium ; le thorium est supposé être un élément im
ce schéma (F = flux d’apport d’uranium en activité par unité de temps ;a = constante de temps du flux d’export d’uranium ;λ = constante de
désintégration radioactive). Partie droite : principe de datation par comparaison des courbes d’évolution de chaque point dans les d
isochrone et concordia ; en supposant un système en équilibre séculaire avant mobilisation de l’uranium et en choisissant une va
pour le rapport (230Th/232Th) initial du système, on détermine, pour le modèle de mobilisation de U retenu, un groupe de paramètres
des courbes d’évolution et des âges cohérents dans les deux diagrammes. L’âge ainsi obtenu correspond à celui du début de la
d’uranium. Le modèle et les applications seront détaillées dans un autre papier.
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238U–234U–230Th disequilibria in the Kaya 1 pink
clay unit is also interesting to constrain the age
the U enrichment linked to the iron-cap dismantlin
Most of the data points of the pink clay unit plot to t
right of the equiline in the isochron diagram (Fig. 7
Such a distribution implies that these samples w
recently enriched in uranium. The data points can
surrounded by two limit time evolution curves, draw
from (238U/232Th)–(230Th/232Th) initial ratios close to
the U–Th values of the Kaya 5 pink clay unit, whic
is supposed to be not significantly enriched in U
compared to the Kaya 1 pink clay unit. The curv
are age graduated, and the position of the data po
in the isochron diagram relative to these curves p
vides a first indication on the age of the beginning
the U enrichment in the different samples. The enri
ment ages obtained in this case range, from 0 to a
400 kyr. The high value of 400 kyr is consistent w
the age of the iron crust dismantling, whereas the
ro’ age would indicate that some U enrichments in
pistachio unit are recent, even sub-actual. In addit
the presence of some data points at the links of
equiline in the isochron diagram indicates that in t
part of the profile, which is considered on the basis
trace elements, as an U enrichment zone, some le
could have recently lost part of their U (Fig. 7). A sim
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Fig. 6. Age of the Kaya 1 iron-cap dismantling. Left side: estimation of the U vertical redistribution in the Kaya 1 profile, assuming simil
ratios in both Kaya 1 and Kaya 5 iron crusts, Th immobility and no significant U redistribution in Kaya 5 (see text). Using the prese
U–Th relative enrichments from both iron cap and pink clays of Kaya 5 and plotting them for Kaya 1 (dark grey dashed line), the mas
of U loss in Kaya 1 relative to this reference is in good agreement with the relative U accumulation in the pink clays. Right side: dati
Kaya 1 crust dismantling by considering Kaya 5 iron cap as a reference of the initial and undisturbed Kaya 1 cap. Ages of 250–30
obtained for hard cap levels (black and grey points) using a one step scenario (black line) with the following parameters: initial (230Th/232Th)
activity ratio of 1.43;238U leaching intensity and its (238U/234U) activity ratio of 8× 10−3 kyr−1 and 1.02, respectively;238U inputs and
its (234U/238U) ratio of 3× 10−3 kyr−1 and 1.3, respectively. A similar age is obtained for the pisolithic sample (white point) in a one
scenario (dotted line) with a238U-leaching intensity and (234U/238U) activity ratio of 9× 10−3 kyr−1 and 1.02, and a238U input and an
associated U activity ratio of 8× 10−4 kyr−1 and 1.15, respectively. A consistent dating is also obtained for the pisolithic layer by assu
two-step model: a first intermediate sample-like evolution (black line) and a late higher U release for the last 100 kyr (grey line).

Fig. 6. Âge du démantèlement de la cuirasse de Kaya 1. Côté gauche : estimation de la redistribution verticale de U dans le profil
supposant des rapports U/Th identiques pour les cuirasses de Kaya 1 et de Kaya 5, une immobilité du Th et une faible redistribution
le profil Kaya 5. Côté droit : datation du démantèlement de la cuirasse de Kaya 1, en considérant la cuirasse de Kaya 5 comme ré
cuirasse de Kaya 1, avant perturbation. Des âges de 250–300 ka sont obtenus pour les niveaux de la cuirasse indurée (points gris
utilisant un scénario à une étape (ligne noire) et les paramètres suivants : rapport d’activité (230Th/232Th) initial de 1,43 ; intensité de lessivag
de U et rapport d’activité de 8× 10−3 ka−1 et 1,02, respectivement ; intensité d’apport de U et rapport d’activité de 3× 10−3 ka−1 et 1,3. Un
âge similaire est obtenu pour le niveau pisolithique (point blanc) dans un scénario à un stade (ligne pointillée) avec une intensité de le
U et un rapport d’activité de 9× 10−3 ka−1 et 1,02, respectivement, et une intensité d’apport de U et un rapport d’activité de 8× 10−4 ka−1

et 1,15. Un âge cohérent est également obtenu pour le niveau pisolithique, en supposant un modèle à deux stades : une premiè
similaire à l’évolution des points plus profonds (courbe noire), puis une évolution avec une perte de U plus importante pour les 100
suivi (courbe grise).
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ple way to interpret these characteristics is to ad
that the accumulation/loss levels in the pink clay of
Kaya 1 profile, or which is equivalent, that the uraniu
mobility parameters of the interpretative model, v
ied with time. It is interesting to notice that the dep
repartition of ages in the Kaya profile suggests that
time scale of U mobility variations is of the order
100 kyr (Fig. 7), i.e., the same order of magnitude
the time scale of the Quaternary climatic variatio
This observation is not a demonstration but certa
a first indication, that the Quaternary climatic var
tions could drive the variation of mobility paramete
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Fig. 7. Kaya 1 pink-clay enrichment. Right side: interpretation of data points by a similar approach as in Fig. 6 gives age estimates
and 400 kyr for U enrichments, and outline the existence of present-day U leaching in levels of Kaya 1 that were previously enriche
underlined by the still high Th activity ratios). Left side: depth distribution of U enrichment ages; three accumulation zones marked by
ages can be defined. The white arrows represent the levels where U–Th disequilibria indicate recent U leaching.

Fig. 7. Enrichissement en U du niveau bariolé de Kaya 1. Partie de droite : l’interprétation des points de données par une approche
celle présentée dans la Fig. 6 conduit à des âges de 0 à 400 ka pour l’enrichissement en U du niveau bariolé de Kaya 1 et souligne
de lessivage actuel en U dans des niveaux qui ont été enrichis auparavant en U (ce qu’indiquent des rapports d’activité de Th éle
de gauche : distribution des âges d’enrichissement en U en fonction de la profondeur. Trois zones d’accumulation, d’âges différen
être définies. Les flèches blanches représentent les niveaux de la zone d’argiles bariolées dont les déséquilibres radioactifs indique
récente en uranium.
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in weathering profiles. If confirmed in the future, th
observation would imply a possible influence of c
matic cycles on the chemical redistribution linked
iron-cap dismantling, and could make of the radio
tive disequilibria, powerful tools to understand a
quantify the impact of climatic variations on weat
ering processes. This observation also indicates
the present-day or recent weathering processes ca
quite different from the old or long-term weatherin
processes recorded in weathering profiles.

8. Conclusions

The study of the Kaya toposequence highlights
interest of comparing geochemical tracers record
weathering processes on very contrasted time sc
e

in order to recover the sequence of events occurrin
weathering profiles. The comparison of trace elem
data with 238U–234U–230Th radioactive disequilibria
enables us to evaluate the importance of recent
chemical fractionations in the evolution of weatheri
profiles. Thus, for the Kaya toposequence, the c
parison underscores that the recent chemical mob
in the profile are mainly controlled by the iron-cap d
mantling. In addition, comparison of geochemical d
analysed in two pits of very contrasted topograph
position, indicates that intensity of this dismantling d
pends (i) on the topographical position of the profil
and (ii) would vary with time, possibly in response
climatic variations. This result suggests that pres
day or recent weathering processes that control
chemical fluxes carried by rivers, could be differe
from the old ones recorded by weathering profiles.
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