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Secondary minerals in soils can record climatic changes affecting continental surfaces over geological times. Their
dating should refine our present knowledge about their potential periods of formation as well as their relations
with the ongoing change of climate and erosion/weathering regimes. In the present study, twenty kaolinite samples
from two lateritic profiles of the Karnataka plateau, an intensively studied area in the southern India, have been
dated using electron paramagnetic resonance (EPR) spectroscopy. Kaolinite ages vary between 0.229. ¢>4 Ma to
40.73 1537 Ma. Four different groups of age can be identified with ages clustered around 1.0, 3.5, 9.0 and 39.0 Ma.
These groups of age indicate local preferential weathering periods that coincide with distinct Indian climatic events
described in independent studies, such as monsoon strengthening. Thus, regional or subcontinental factors likely
prevailed over global forcing in the imprint of climatic events in the regolith profiles. These results confirm that de-
spite their simple mineralogy, laterites can contain several relictual and coexisting generations of secondary min-
erals and that EPR dating of kaolinite contributes to unraveling the complex history of continental surfaces over

geological periods.

1. Introduction

The regolith, composed of saprolite and soil stricto sensu horizons, is
an important part of the Critical Zone (CZ), i.e. the thin fragile zone at
the Earth's surface that supports life (Brantley et al., 2007). It results
from the complex interactions between minerals, life and water which
largely depend on the interplay of climatic and tectonic parameters at
a global scale (e.g. West et al., 2005; Dixon and Von Blanckenburg,
2012, Guillocheau et al., 2018). Over the geological times, the regolith
can record various climatic influences prevailing during the formation
of secondary minerals (Girard et al., 2000, 2002; Vasconcelos et al.,
2015; Yapp, 2000). Nevertheless, topography, primary rock composi-
tion and biological factors also influence the development of weathering
profiles. In addition, the dating of old regolith components, composed of
multiple generations of poorly ordered and finely divided authigenic
minerals, remains a challenging task because of the difficulty to physi-
cally isolate the different generations of minerals (e.g. Vasconcelos,
1999; Girard et al., 2000, 2002; Balan et al., 2005; Bonnet et al., 2016).

Thick lateritic covers have developed in the intertropical zone
and are present on more than 30% of the continental surfaces. Due
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to their important thickness, laterites account for about 80% of the
global Earth regolith volume (Tardy and Roquin, 1998; Nahon,
1991, 2003). Their mineralogy is dominated by authigenic kaolinite
and Fe/Al oxide/oxyhydroxide (Nahon, 1991). These minerals rep-
resent archives of paleoclimates related to specific weathering
events (Retallack, 2010). In many cases, a vertical distribution of
several generations of secondary minerals is observed in the same
profile (e.g. Bird et al., 1993; Muller et al., 1995; Girard et al.,
2000, 2002; Balan et al., 2005, 2007; Fritsch et al., 2011). Absolute
dating of laterites from previous studies revealed that they have
Mesozoic and Cenozoic ages in India, Africa or South America
(Vasconcelos et al., 1994, 2015; Balan et al., 2005; Bonnet et al.,
2016; Allard et al., 2018). In case of the Amazon basin, absolute
age records were consistent with those obtained from weathering
mass balance calculations (about ten million years old, Lucas,
1989). Ages of laterites were also discussed using the results of
mass balance calculation results on different soil locations in India
(Braun et al., 2009).

In the research of paleoclimatic signatures, laterites from the Indian
sub-continent deserve a special attention because of the substantial
drift of the Indian platform, from a latitude of 60°S during the Trias
(India was a part of the Pangea) to its current position (northern point
around 30°N) reached ca 30 Ma ago (Chatterjee et al., 2013). During


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gr.2018.12.003&domain=pdf
https://doi.org/10.1016/j.gr.2018.12.003
maximilien.mathian@u-psud.fr
Journal logo
https://doi.org/10.1016/j.gr.2018.12.003
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/gr

this 137 Ma long drift, the Indian plate moved through different climatic
zones. Although the onset of Indian laterites formation is debated, it is
likely older than the Mid-Cretaceous (Kumar, 1986; Tardy et al., 1991,
Tardy and Roquin, 1998; Chatterjee et al, 2013). Dating of
manganese-rich laterites upon Dharwar Plateau indicates major
weathering periods at 53-50 Ma and 37-23 Ma in the highlands,
where the former reflecting impact of the Eocene climatic optimum
when India was located in the equatorial belt and the latter reflecting
the weathering response to late Oligocene warming, respectively
(Bonnet et al., 2014, 2016).

This study focuses on two lateritic profiles from the Indian sub-
continent, located in the South of the Karnataka plateau near the local-
ities of Mananthavady and Payoddu in the humid zone of a sharp longi-
tudinal climatic gradient (Gunnell and Bourgeon, 1997). The objectives
are to identify co-existing generations of kaolinite, as a major secondary
mineral of non-indurated laterites, to analyze their spatial distribution
in the weathering profile and to examine their link to the past local or
global climate events using dating by the electron paramagnetic reso-
nance (EPR) spectroscopy. This dating methodology, here applied for
the first time to an Indian soil, is based on the analysis of the paramag-
netic defects of the kaolinite structure that are induced by natural expo-
sure to ionizing radiations (Ikeya, 1993; Clozel et al., 1994; Balan et al.,
2005).

A

mmlyr

50 km
RAINFALL

ALTITUTE (m)
2000 WESTCRN
GHATS SCARP

2000 PLATEAU 2000
Mananthavady - N 1500
COASTAL PLAIN e a Guntalpnt i)

o T
G_.—AJBYOCIGH Sulthanbattery 500

KARNATAKA

Humid Semi-humid Semi-arid
zone zone zone
C &
Gsb
- Pink granite ) W “/'_
Charnockite/ G
A
charnocite gneiss
G Gabbro M .I i
-
Biotite hornblende Eavocy
Hbgn
gneiss ~ Hbgn
W Quartz micaschiste
2
- Padinjarattara ~
- Pink granite gneiss
- Diorite
A~
b Garnet silimanite
biotite gneiss
-\ayitte
Ac

2. Geological context

The Western Ghats Escarpment (WGE) is a 1500 km long passive
continental margin parallel to the coast of the Arabian Sea. This escarp-
ment resulted from two continental breakups: 1) between India and
Madagascar (ca 90 Ma); 2) between India and Seychelles (ca
71-62 Ma) (Collier et al., 2008; Chatterjee et al., 2013; Ramkumar
et al., 2016). Its denudation and retreat had begun early Tertiary (see
Beauvais et al., 2016). Its current geomorphology can be attributed to
several factors such as denudational/erosional uplift (Widdowson,
1997; Gunnell and Fleitout, 1998) or tectonically driven uplift (Kale
and Shejwalkar, 2008). The resulting regional organization (Fig. 1A)
from West to East is characterized by the presence of: 1) the flat west-
ern coastal plains with maximum elevation of ~500 m, 2) the Ghats es-
carpment, with an elevation varying from 600 to 2200 m at a distance of
maximum up to 70 km of the coast, 3) the elevated inland plateau suc-
cession (Gunnell et al., 2003). Based on thermochronological data, sev-
eral authors described a steady state erosion rate between the lowlands
and uplands of this chain since 40 Ma (Gunnell et al., 2003; Mandal
et al., 2015) that could be linked to an erosion/uplift equilibrium.
Based on duricrust dating, other explained that low erosion rates char-
acterizing slow denudation regimes can be reached shortly after the
continental breakup that formed the WGE (Beauvais et al., 2016).
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Fig. 1. Geology and geomorphology of the Karnataka plateau, with, A: The topography and associated rainfall (modified from Violette et al. (2010)) of a Western Ghats cross-section from
the sea to the eastern edge of the Karnataka plateau. B: Simplified schematic diagram showing the main Indian/stratigraphic divisions (derived from Chardon et al., 2008) along with the
studied area. C: simplified regional geological map (modified from the Survey of India toposheet N. 49 M (1995) and 58A (1970)).



These data could be linked to an erosion/uplift equilibrium. From North
to South, Western India is divided into two geological regions (Fig. 1B),
the northern Deccan Traps, mainly covered by flood basalts, and the
southern Archean Dharwar craton, with a bedrock mainly composed
by charnockite, Archean greenstones and Archean gneiss rich in biotite
and hornblende (Chardon et al., 2008).

Several WGE weathering surface ages have been proposed from pa-
leomagnetic investigations (Schmidt et al., 1983; Kumar, 1986) and
some lateritic duricrusts and bauxites have already been dated along
this scarp using the “°Ar/*°Ar dating methodology (Bonnet et al., 2014,
2016). These methodologies have constrained the formation of these
surfaces from the end of the Cretaceous to the Pliocene. Several intense
weathering periods have been identified using “°Ar/>°Ar dating: 1) a
global lateritic weathering event between 53 and 45 Ma, affected all
the scarp regions including a large part of India, 2) a 37 to 23 Ma
weathering event was responsible for the duricrusts and bauxites for-
mation in the plateau along the scarp, 3) a 24 to 19 Ma period was de-
tected for coastal laterites formation (i.e. secondary laterites) and
4) more recent short events were only detected in some coastal plain
laterites.

The Western Ghats Escarpment directly lies across the path of the
southwest Indian monsoon (Gunnell, 1997). Acting as an orographic
natural barrier, this margin is the cause of an important west-east pre-
cipitation gradient (Fig. 1A) with a sharp eastward decrease of rainfall
(Braun et al., 2009; Violette et al., 2010; Ramkumar et al., 2016). Precip-
itation are above 3000 mm per year in the coastal plain, rising to more
than 6000 mm per year in the scarp region and falling to 900 mm per
year in the eastern semi-arid zone of the Karnataka plateau (South
India). This gradient is also correlated to a geomorphologic gradient
(Gunnell and Bourgeon, 1997). The western part of the plateau is char-
acterized by a multi-convex landform while the eastern part, in the
semi-arid region, exhibits a multi-concave landform. The erosion of
ferralsols (referred to as laterites in this paper) developed in this region
also increases from west to east. Almost complete lateritic profiles (from
saprolite to topsoil) can be found near to the scarp, whereas only trun-
cated saprolites occur in the eastern part of this plateau.

The present study focuses on partially eroded laterite profiles of the
Kabini river basin, in the humid zone of the Karnataka plateau, where
precipitation ranges from 3000 to 4000 mm per year. South-west mon-
soon represents more than 75% of the annual precipitation (Ramkumar
etal., 2016). This monsoon regime depends on the relief-controlled tro-
posphere structure and particularly on the Tibetan highlands affecting
the atmospheric circulation (e.g. Gunnell, 1997 and ref. therein). The av-
erage local temperature is around 24 °C. In this part of the plateau the
10Be derived erosion rate is around 20 m-Ma~' (Mandal et al., 2015).
One profile, referred to as Mananthavady profile, is accessible within
an open pit located at a hill slope close to the locality of Mananthavady
(11.80N-76.00E). The second profile, referred to as the Payoddu profile,
is located close to the same locality but at the base of another hillslope.
Both soils developed on the same biotite and hornblende rich gneiss
(Fig. 1C).

3. Samples

Sixteen samples were selected from the laterite profile of
Mananthavady (Fig. 2A) and four samples were selected from the less
complex laterite profile of Payyodu (Fig. 2B). Both profiles are described
in detail in the Supplementary File 1. Field observations indicate that
these weathering profiles are eroded ferralsols. Their complex organiza-
tion (strong heterogeneities in mineralogy/texture/structure, folded ho-
rizons, horizon pouches) derives from the foliation of the parent gneiss
with nearly vertical dip (Fig. 2A and B). The weathered zones of both
profiles are more than 20 m thick and only their upper parts were sam-
pled. Despite of their complexity, the selected profiles display the suc-
cession of saprolite, mottled zone and topsoil from bottom to top,
respectively.

To obtain petrographic and fission tracks data from each main soil
horizon, nine and four thin sections were prepared from Mananthavady
and Payoddu profiles, respectively.

4. Methodology

Samples were dried at room temperature and sieved. The mineral-
ogical composition of fraction size lower than 2 mm was determined
by XRD measurements using a Panalytical Pro MPD equipped with a
X'Celerator detector and Co-Ka radiations. Analyses were performed
for a 26 range of 3 to 65°, with steps of 0.017° and an acquisition of
480 ms per step.

The chemical composition was determined at the Service d'Analyse
des Roches et Minéraux (SARM, Nancy, France) by inductively coupled
plasma atomic optical emission spectrometry (ICP-OES) for major ele-
ments quantification and inductively coupled plasma atomic mass spec-
trometry (ICPMS) for the trace elements quantification. See http://
www.crpg.cnrs-nancy.fr/SARM/index.html for further information in-
cluding the experimental errors. Based on the chemical analyses, mass
balances have been estimated (Oh and Richter, 2005; Braun et al.,
2012).

Kaolinite samples were purified by a selective dissolution of iron ox-
ides and oxyhydroxides using several dithionite-citrate-bicarbonate
treatments (Mehra and Jackson, 1960) and subsequent sorting of the
clay size fraction (<2 um) by sedimentation. These purified clay size
fraction samples will be further referred to as ‘purified samples’.

Fourier transform infrared (FTIR) spectroscopic measurements were
performed using a Nicolet Magna 560 FTIR spectrometer with purged
dry air. All samples were analyzed in the transmission mode, using
KBr pellets made of 1 mg of purified sample mixed with 150 mg of
KBr and dried in an oven during 24 h at 190 °C. Spectra were recorded
at room temperature by averaging 100 spectra with a resolution of
2 cm™ ! in the 400-4000 cm ™' range.

235U induced fission tracks mapping was performed on five polished
thin sections of structurally-preserved soil samples embedded in resin,
using an external detector (Kapton®) as described by Price and
Walker (1963) and Kleeman and Lovering (1967). The thin sections
were covered with a Kapton® foil and jointly irradiated, using thermal
neutrons, with standard glasses (i.e. SRM-613 from the National Bureau
of Standard, Washington) for the calibration of the U content (12.33
ug-g~! of normalized U for the SRM-613). Irradiations were performed
at the FRM2 reactor in Munich (Germany) during 600 s using an instant
flux of 1.15 - 10" n-cm™2-s™ . Fission tracks registered in the Kapton®
foils were revealed and then counted using an optical microscope with
an objective of 10 x 100 magnification in transmitted light. The revela-
tion of the fission tracks induced in the Kapton® foils was performed by
an etching of 8 min in an aqueous solution of 14% NaClO and 12% NaCl
heated at 100 °C (Selo, 1983).

The EPR spectra were recorded at X-Band (9.44 GHz) using a Bruker
EMXplus™ spectrometer equipped with a high sensibility cavity. Acqui-
sition was operated with a microwave power of 40 mW and a magnetic
field modulation with frequency of 100 kHz and amplitudes of 0.3 mT
(Radiation Induced Defects (RID) spectra) or 0.5 mT (total spectra).
Full spectra were measured at room temperature for the assessment
of kaolinite crystalline order and RID concentration measurements
were performed at 110 K. The EPR signals are characterized by effective
g values defined by the resonance condition:

hv = gRH (1)

where h is the Planck constant, v is the microwave frequency, 8 is the
Bohr magneton and H the magnetic field. The DPPH standard (g =
2.0036) was used to calibrate the g values.

The RID concentration was assessed from the amplitude of the per-
pendicular component of the RID signal (dominantly due to the so-
called “A-center”). In order to compare the EPR amplitudes, calibrated
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Fig. 2. A: Mananthavady regolith profile showing a 10 m thick laterite organized in 10 types of horizons (see the geological context and Supplementary File 1 for further description). The
complex organization of this profile is inherited from the parent rock organization: a highly heterogeneous gneiss. A set of 16 samples has been selected along this profile for the dating
analyses. B: Payoddu regolith profile showing a 9 m thick laterite organized in 8 horizons (see the geological context for further descriptions). Its organization is also complex. A set of 4

samples has been selected along this profile for the dating analyses.

silica tubes (suprasyl grade) were filled with a constant volume of sam-
ple and carefully placed at the same position in the cavity. The spectra
were normalized using the sample weight and recording gain as de-
scribed in Balan et al. (2005). The standard error on measured RID nor-
malized amplitude was equal to 15%.

Artificial irradiations used for dosimetry were performed on the
ARAMIS electrostatic accelerator (Orsay, France). A beam of 1.5 MeV
He™ ions with a 0.3 A current has been used to simulate radiation effects
due to alpha particles. For each measurement, 35 mg of purified sample
was deposited by sedimentation on a circular steel plate to obtain a
layer with a constant thickness of 4 um, which is the penetration depth
of 1.5 MeV He™ ions in kaolinite as calculated by the SRIM code (Ziegler
et al,, 2010). Six different ion fluences were used (3 x 10'!, 6 x 10",
10'2,3 x 10'2,6 x 10'? and 10'® jons-cm™2) to produce 6 irradiation
doses from 70 to 2342 kGy.

5. Results
5.1. Characterization of the lateritic profiles

5.1.1. Mineralogy and petrography of the laterite profiles

Despite heterogeneity of both profiles (Table 1 and Supplementary
File 2), the sample mineralogy is dominantly composed of quartz, kao-
linite and goethite. The Payoddu samples are richer in kaolinite than
the Mananthavady ones. Minor phases such as chlorite, anatase, gibbsite
or hematite can also be observed. Gibbsite is only detectable in the soil
horizons (i.e. A and B) of the Mananthavady profile. The occurrence and
proportion of the other mineral phases cannot be easily linked with any
vertical gradient and more likely reflect the heterogeneity of the pri-
mary Achaean gneiss.

The petrographic organization is similar from one sample to another
in both profiles. Quartz is present in all samples, always fractured and

sometimes filled with oxides, and displays sporadic dissolution features.
Rare remaining micas (always partially kaolinitized) and anatase grains
can also be observed. Secondary goethite, hematite and kaolinite book-
lets are always present. Iron oxide (sensu lato) septa are developed at
the expense of dissolving fragmented quartz crystals. All these phases
are spread within the typical lateritic matrix described in Nahon
(1991), referred to as lateritic plasma.

Thin sections of Mananthavady reveal three broad types of petro-
graphic structures: 1) samples with a significant content of secondary
minerals (vermicules and oxides/oxyhydroxides) and remains of pri-
mary minerals (mainly rare micas and quartz) occurring inside a
plasma, without any peculiar organization (Fig. 3a A); 2) samples with
a majority of secondary minerals and remains of primary minerals
with a partially preserved primary orientation (Fig. 3a B); 3) samples
with a low content of primary and secondary minerals disseminated
in a dominant plasma (Fig. 3a C). The structure of sample C1 960 is an
exception as it consists in a pouch of massive kaolinite booklets and
iron oxides (Fig. 3a D). The first two types of samples have petrographic
weathering stage equivalent to the “phyllosilicate stage” described by
Nahon and Colin (1982). The majority of the primary minerals have
been replaced by kaolinite and the insepic matrix is not dominant. The
last two samples have important insepic matrix content and non-
negligible quantity of well crystallized iron oxyhydroxides. Their petro-
graphic weathering stage is close to the “oxi-hydroxides” stage de-
scribed by Nahon and Colin (1982). This is indeed characterized by
the replacement of kaolinite by amorphous iron oxide/hydroxides
which are further replaced by crystallized minerals of the same family.

The Payoddu samples can also be divided in three groups of petro-
graphic organization. The B60 sample displays abundant iron oxide
septa and fragmented quartz (Fig. 3b A) spread into a homogeneous lat-
eritic plasma strewed by a significant porosity. The C1 and Cl1g horizons
(Fig. 3b B) have large quantities of secondary and primary minerals



Table 1
Mineralogical composition of samples determined using XRD patterns.

Name Horizon type Thin section Quartz Goethite Kaolinite Gibbsite Chlorite Hematite Anatase
MA A 30 A XXX X XX X X X X
MAB 70 B X XXX X XX X X X
MA Bca 120 BC XX X XXX X X X
MA Bca 200 BC X X XXX X X

MA BCb 270 BC1 X XX XXX X

MA C1 370 C1 X XXX X XXX X

MA C3 470 C3 X XXX XXX X
MA BCb 470 BC1 X XX XXX

MA BCc 540 BC2 X X XX XXX

MA C2BC2 630 Cc2 XXX X XX X

MA C1 680 c1 X XX X XXX X

MA C2BC2 740 c2 X X XXX

MA C3 830 c3 X X XXX XX

MA C2d 950 Cc2d X XXX X X X

MA C1 960 c1 X X XX XXX X
MA C3C2 960 c2C3 X XXX X XXX X

PA B60 B X XX X XXX X X

PA BCg 130 BCg X XXX X XXX X

PA C1320 C1 X XXX X XXX X

PA C2 660 c2 X XXX X XXX X

spread inside the lateritic plasma without any peculiar organization.
These samples are poorer in septa and more porous than the other
thin sections.

The low amounts of kaolinite booklets in both cases highlight the ad-
vanced “oxi-hydroxide” petrographic weathering stage described by
Nahon and Colin (1982). The C2 horizon (Fig. 3b C) is characterized by
a succession of two peculiar petrographic organizations. One is similar
to that observed in the C1 and C1g horizons, rich in fragmented quartz,
and the other corresponds to a kaolinite pouch structure, as observed in
the Mananthavady C1 960 samples, also rich in fragmented quartz.

5.1.2. Regoliths geochemistry

5.1.2.1. Weathering Index and mass balance calculations. Long-term ele-
mental fluxes have been investigated through mass balance calculations
as described by Braun et al. (2012) in order to better apprehend the
weathering processes affecting the profiles. This approach is based on
the works of Brimhall et al. (1991) and Oh and Richter (2005): the
mass of the weathered material is equal to the mass of the parent rock
added to the mass of an element moving in (accumulation) or out
(leaching) of the system.

The volumetric strain index ¢;,, between the weathered material
and the parent rock is estimated by:

PpCip )
Ew=|—— —1 2
' <pwci.w ( )

where, p is the bulk density in g-cm > obtained by the paraffin method
and C; is the chemical concentration of an immobile element. The indi-
ces p and w correspond to the parent and weathered materials respec-
tively. Note that values around 0 indicate isovolumetric weathering,
positive values indicate a volume increase and negative values a volume
decrease between the weathered material and the parent rock (Braun
et al., 2012). The typical error of this type of calculation is 20%.

Mass fraction transport function can be calculated for each element:

pwcj‘w
tiw= gw+1)—1 3
i <ppcj‘p>( iw+1) 3)

where Gj is considered as element concentration. Note that if this func-
tion is equal to 0, the element is immobile during the weathering. A pos-
itive value induces a mass gain in the element and a negative value a
loss between the regolith and the parent rock.

In the present study, zirconium is used as an “inert element” for the
mass balance calculations because it is commonly described as immo-
bile during saprolitization and ferralitization processes under tropical
weathering (Braun et al., 2012 and ref. therein). In Mananthavady, the
resulting values of €z, can be divided in two parts: 1) the samples at
the top of the profile, as well as MA C1 370 (a saprolite “pouch”), are
characterized by a collapse ranging from 14 to 54% (see Table 2);
2) the other samples are characterized by a volumetric gain ranging
from 8% to 168%. The same observation can be made in the Payoddu
samples, the two samples at the top of the profile are shrinked when
the other experienced a volumetric gain. Several factors can explain
the collapse of the bottom part of this profile such as pedogenic activity
linked to bioturbation shrinkage and to the replacement of primary and
secondary minerals by an insepic matrix (Brimhall and Dietrich, 1987).
The volumetric gain of the saprolite is less straightforward to explain.
Expansion of biotite in its first weathering stage (Brantley, 2010 and
ref. therein), can slightly contribute to this gain. It could also be depend-
ing on the specificities of zirconium (Zr) distribution arising from some
degree of (unexpected) mobility (e.g. Beauvais, 2009) or from the min-
eralogical and chemical variability of the parent rock. For comparison,
the same calculations have been done for Th (Supplementary File 3A),
leading to an almost constant shrinking of ca 90%.

The chemical analyses are reported in the Supplementary File 3A.
The transport functions of major elements are quite complex in
Mananthavady (Fig. 4A): an apparent succession of preferential
leaching/accumulation areas occurs along this laterite profile. Silicon is
almost constantly leached, except in two saprolite samples. Silicon is
particularly leached in the middle of the saprolite zone and at the bot-
tom of the mottled zone. Iron and aluminum (Fe and Al) follow similar
trends: they are both leached at the bottom of the saprolite zone as well
at the bottom of the mottled zone. Fe and Al are also leached in the top-
soil but accumulate otherwise. Alkaline and alkaline earths (Ca, Na, Mg,
K) are always leached except in one sample of the topsoil that accumu-
lates all of them. In the Payoddu profile (Fig. 4B), Si, Al and Fe follow
similar trends with leaching in the topsoil and accumulation at the top
of the saprolite while Ca, Na, Mg and K are all continuously leached.

Chemical index of alteration (CIA) is calculated from the Al,03, CaO,
Na,0 and K;0 content of samples (see Nesbitt and Young, 1982 for fur-
ther information) in both profiles (Table 2). Except MA B70, all are sig-
nificantly weathered, having values very close to the ideal kaolinite (CIA
around 100). However, mass balance calculations show that major ele-
ments can be preferentially leached/accumulated depending on the
zone of the studied profiles. This can be interpreted as the influence of
the primary rock heterogeneity as well as can be attributed to the
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influence of several weathering fronts that could have only affected the
rocks parts the most favorable to fluid circulation. The lack of correlation
among the trends observed for different chemical elements suggests
that the observed variations cannot be solely explained by a heteroge-
neous primary distribution of zirconium, the reference immobile
element.

The variation of weathering intensity between the samples is con-
firmed by reporting the chemical compositions on a SiO,-Al,03-Fe,;03
ternary diagram (Fig. 5). This approach highlights three points: 1) soil
samples can be divided in two groups, one, with samples located near
the parent rock composition and the other located near the “advanced
lateritization composition line” (i.e. samples composed by only kaolinite
and iron oxides); 2) the various groups of samples (soil, mottled zone,
saprolite and Payoddu) do not define a single chemical evolution
trend; 3) the Payoddu samples are all regrouped around the parent
rock composition except PA C2 660. In Mananthavady, some domains
of the regolith appear to be more weathered than others although
these variations do not display a simple relation with the soil structural
horizons observed on the field. The non-negligible percentage of pri-
mary quartz in each sample can explain their important SiO, content
(Supplementary File 2).

As a complementary test, WIS calculations (Meunier et al., 2013)
have been performed (Supplementary File 3B, C and D). However, the
WIS data hardly discriminate chemical weathering stages because of
the strong lixiviation of monovalent and divalent cations. In addition,
the higher concentrations in monovalent and divalent cations observed
in three Mananthavady samples could also result from the heterogene-
ity of the primary Archean gneiss.

5.1.2.2. Distribution and mobility of radioactive elements. The EPR dating
methodology is based on the assessment of radiation dose rate for
each sample. The dose rate depends on the natural radioactivity
resulting from the 238U, 23°U, 32Th decay chains and “°K. A particular at-
tention must be paid to the evolution of the concentration of these ele-
ments throughout the profile and to their spatial distribution (spread
within the matrix vs concentrated in radioactive minerals). Indeed,
the contribution to the clay matrix irradiation of radioactive elements
contained in minerals with larger grain size can be limited by the rela-
tively short mean free path of alpha particles (typically around 20 um
in silicates).

The chemical compositions (Table 3) show that both Uranium
(U) and Thorium (Th) accumulate from the parent rock (around
<0.03 ppm for U and 0.12 ppm for Th) to the top of the profile
(1.5 ppm for U, 7.07 ppm for Th in Mananthavady and 1.32 ppm for U,
4.46 ppm for Th in Payoddu). It is commonly considered that Th is an
immobile element due to the very low solubility of thorianite (ThO;)
(Langmuir and Herman, 1980). In contrast, oxidized U species usually
display a higher mobility in supergene environments (Langmuir,
1978). The U accumulation in the investigated profiles can be linked
to the presence of resistant U-bearing minerals, such as zircon, or to a
mobility limited by adsorption on finely divided clays and oxide
minerals.

Mass balance calculations based on zirconium (Fig. 6A, B), indicate
that the accumulation of U and Th does not follow any regular trend
from the saprolite to the topsoil in Mananthavady. The lack of correla-
tion between Zr and Th, with possible preferential accumulation/
leaching zone within this profile, could be partially explained by the im-
pact of the complexity and heterogeneity of the gneissic parent rock on
the Th mass balance calculations. An unexpected slight mobility of Zr

may also partially explain this phenomenon (e.g. Beauvais, 2009). How-
ever, the U accumulation could also be explained by the fact that U is
mainly adsorbed on the matrix minerals (see below) and not located
in weathering-resistant minerals. In Payoddu, there is a clear increase
of U and Th concentrations toward the surface of the profile. Note that
the similar evolution of U and Th concentrations within each profile is
confirmed by the mass balance calculations based on Th, which indi-
cates a low variability of U compared to the Th content in all profile
(Supplementary File 3A).

To estimate the proportion of U content in U-bearing minerals or
spread in the matrix, induced fission track mapping has been performed
on 5 samples of Mananthavady (B 70, BCc 540, C 1680, C3 830 and C1
960) and on 3 samples of Payoddu (B60, BC1g 130 and C2 660). This
methodology allows determination of the spatial distribution of ura-
nium at the micrometer scale, despite the relatively low concentration
of this element (around 1 ppm and below). Each of these samples is rep-
resentative of one of the types of petrographic organization described in
Section 5.1.1. In addition, a topsoil sample of the Mananthavady profile
(B 60) was added to the series.

The distribution of fission tracks is similar for 6 of the 8 samples (see
table Supplementary File 5 and 6). The fission tracks (Supplementary
File 4) are (i) spread homogeneously or (ii) clustered around some
hot spots displaying between 10 and 150 tracks, reflecting the distribu-
tion of U between the clay matrix and U-bearing minerals (see Supple-
mentary File 4 and 5). The rare U hot spots observed in each thin section
(excluding PA C2 660) correspond to local concentration of 3.41 to
685 ppm of uranium, with an average of 262 ppm. As they represent
at most 0.174% of the counted areas, this means that <10% of total U is
trapped in U-bearing minerals (Supplementary File 6). The lateritic ma-
trix contains between 0.134 and 1.11 ppm U with an average value of
0.39 ppm U. This represents more than 90% of the total U, based on its
important relative area compared to the rare U-bearing minerals. In
the MA C1 960 sample (kaolinite pouch), fission track analysis indicates
that 24.2% of total U is concentrated in U-bearing minerals. Those obser-
vations confirm the hypothesis that U is mainly spread inside the later-
itic matrix of the samples for both soil profiles. This element is likely
immobile in present-day conditions, adsorbed on small oxide and
phyllosilicate surfaces. According to the similar mass balance results
(i.e. no regular accumulation) and to the difficulty to detect Th-
bearing phases in our samples, it is assumed that Th is also homoge-
neously distributed inside the matrix. These data allow a first correction
of the dose rate. For the uranium rich minerals with large grain size, the
alpha contribution is not considered because it only affects a thin rim
around their surface and not the bulk kaolinite sample. For the matrix,
the whole U and Th dose rates are considered.

Another correction of dose rate can be considered. It is related to the
opening of decay chains. Losses of radioactive daughter elements are
commonly observed in regolith open systems (Dequincey et al., 2002;
Balan et al., 2005; Chabaux et al., 2011). Radon (Rn), a mobile noble
gas with an important capacity of diffusion, and radium, that can form
water-soluble complexes, are often described as common sources of
disequilibrium of the U and Th decay chains (Oczkowski et al., 2000
and references therein). Rn loss intensity varies with bedrock, soil mois-
ture, soil type and mineralogy (Benke and Kearfott, 2000; Oczkowski
et al,, 2000 and references therein; Sakoda et al.,, 2011). The actual im-
pact of these losses on the dose rate is difficult to assess but a total open-
ing of the system with subsequent total leaching of Rn is unlikely. In
some rare humid soils, clay-rich soils and/or soils developed on gneissic
rocks, Rn loss up to 40% has been reported (Sakoda et al., 2011).

Fig. 3. a: Thin section photomicrographs from Mananthavady samples. A) C1 680, primary and secondary minerals rich sample showing that fractured quartz, goethite, kaolinite booklet,
rare hematite and kaolinitized micas fragments are spread into minor plasma. B) C3 830, sample with the parent rock petrographic organization preservation showing that septa and
kaolinite vermicules have a preferential orientation (PO). C) B 70, a matrix rich sample showing that the secondary minerals are present with some primary relics (mainly fractured
quartz) and septa within the plasma. D) C1 960, sample containing a kaolinite pouch. b: Thin section photomicrographs from Payoddu samples. A) B60 sample, septum and
fragmented quartz rich sample showing that they are both spread into the plasma. B) C1 320, fragmented quartz and oxides rich sample, both spread into a porous matrix. The Clg
130 has the same petrographic organization. C) C2 660, a kaolinite pouch and fragmented quartz rich area can be identified. KIn: Kaolinite; Gt: Goethite, Qtz: Quartz, Diss: Dissolution

zone, Gt F: Goethite formation, PO: preferential orientation.
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Fig. 4. Mass fraction transport function (7) of major elements as a function of depth in the Mananthavady profile (A) and Payoddu profile (B).

However, according to these authors, Rn loss can be as low as 3% in a
compact indurated laterite. In absence of data about Rn concentrations,
the hypothesis of a partial opening of the system due to a radon loss was
assumed at the maximum value of 40% of Rn loss for both U and Th
decay chains. This assumption allowed a second correction of the dose
rate which maximized the value of the age.

5.2. Identification of kaolinite generations and EPR dating

5.2.1. Structural disorder of kaolinites

The production rate of radiation induced defects (RID) in kaolinite
has been shown to depend on its degree of structural disorder (Allard
et al,, 1994; Allard and Muller, 1998). Accordingly, the structural order
of kaolinite samples can be used to define groups of samples which
are expected to display a similar behavior under ionizing radiations.
Among various techniques, structural order parameters can be obtained
from the EPR signal of structural iron (Gaite et al., 1997; Allard and

Muller, 1998) or from the Mid-infrared spectrum of OH stretching
modes (Farmer, 1974; Russel and Fraser, 1994; Lucas et al., 1996;
Gaite et al., 1997; Balan et al., 2007).

EPR of structural trivalent iron, i.e. substituting for A> " in the kaolin-
ite structure, is a sensitive method to distinguish kaolinite families
based on their crystalline disorder. The corresponding spectrum mostly
occurs around g = 4.3, i.e. at low magnetic field (Figs. 7A and 8). Two
superimposed structural iron spectra are observed in this area: 1) the
Fe3+(1) isotropic spectrum, characterized by a signal near g = 4.19;
2) the Fe* "y spectrum, characterized by signals at g = 8.62, 4.71 and
3.69 (Balan et al., 1999; Balan et al., 2000, 2007). The relative intensity
of these two spectra can be used as a proxy for kaolinite structural dis-
order: the more intense the Fe**(; signal, the higher the kaolinite
local structural disorder. The Fe3+(n) signals, in turn, characterize well-
ordered structure. In the infrared spectra, the variations of band shape
and intensity related to OH-stretching modes (3600 to 3750 cm™!) in
the mid-infrared (MIR) region can also be used to further characterize

Table 2
Table with the results of the volumetric strain (&), chemical index of alteration (CIA) and open system mass fraction transport (T) calculations.
Samples Tu TTh TK Tsi TAl Tre CIA Ezr Bulk density
MA A 30 5.28 12.77 —0.93 —0.71 —0.72 —0.71 100 —0.54 1.55
MA B 70 729 16.80 1.58 —0.74 —0.57 —0.66 77 —0.38 1.46
MA BCa 120 10.08 28.63 —0.91 —0.52 —0.28 —0.28 101 0.00 1.40
MA BCa 200 6.37 45.56 —1.00 —0.49 —0.33 —0.47 101 —0.16 1.58
MA BCb 270 1231 26.51 —1.00 —0.36 0.31 0.80 101 0.78 135
MA C1 370 3.49 18.53 —1.00 —0.46 —0.37 —0.64 101 —0.14 1.48
MA C3 470 7.67 12.82 —1.00 —0.70 —0.28 0.66 103 033 1.09
MA BCb 470 6.08 25.06 —1.00 —0.37 —0.11 —0.26 101 0.21 139
MA BCc 540 4.89 13.60 —1.00 —0.42 0.25 0.30 101 0.66 1.27
MA C2 BC2 630 7.90 8.02 —1.00 0.56 0.48 0.66 102 1.62 1.46
MA C1 680 2.28 36.56 —1.00 —0.35 —0.14 —0.68 101 0.22 1.27
MA C2BC2 740 4,94 18.82 —1.00 —0.55 —0.35 —0.08 104 0.08 1.30
MA C3 830 11.33 18.05 —1.00 —0.36 0.18 224 104 1.68 1.10
MA C3C2 960 3.72 53.30 —1.00 —0.30 —0.29 —0.78 101 0.07 1.40
MA C2d 950 5.90 131 —1.00 0.19 0.62 0.67 102 1.39 1.37
MA C1 960 5.95 12.58 —1.00 —0.49 —0.24 0.10 102 0.21 1.31
PA B 60 7.61 12.48 —0.91 —0.55 —0.55 —0.47 101 —0.22 1.42
PA BC1g 130 5.86 1143 —0.90 —0.54 —0.44 —0.51 100 —0.16 139
PA C1320 3 5.18 —1.00 0.42 0.73 0.14 101 1.25 1.53
PA C2 660 1.72 4.00 —1.00 —0.36 —0.04 034 102 0.6 1.22
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Fig. 5. Ternary Al,03-Fe,03-SiO, diagrams for different parts of the regoliths of
Mananthavady and Payoddu. The advanced lateritization composition line (only
kaolinite and iron oxides as main component of the soil) is indicated. With: RM: parent
rock; Soil M: Mananthavady soil samples; Mottled Z M: samples of the Mottled zone of
the Mananthavady profile; Sapro M: Mananthavady saprolite samples and PA: samples
of Payoddu.

the kaolinite families identified using EPR spectroscopy. Well-ordered
kaolinites present well-defined 3668 cm ™' and 3652 cm™! bands on
FTIR spectra.

In Mananthavady, the 16 purified samples can be categorized in 5
groups with similar EPR and IR spectra (Fig. 8), referred to as “kaolinite
disorder families” (Supplementary Files 7 and 8). The distinction be-
tween families is less straightforward using FTIR spectra than EPR spec-
tra (Fig. 8a A, B). The first (F1), represented by the MA C1 680 sample, is
characterized by an EPR spectrum dominated by the Fe** ;) signal and
well-defined MIR stretching bands, with apparent amplitude of the
3668 cm™! band higher than that of the 3652 cm™! band. These spectra
are characteristic of well-crystallized kaolinites. The last family (F5),
represented by the MA C2d 950 sample, is on the contrary characterized
by a high intensity of the Fe*";, signal that strongly modifies the EPR
spectrum shape. It is also characterized by broad IR bands at 3668 and
3652 cm~'. These observations are characteristic of disordered kaolin-
ites. The three other families display intermediate characteristics be-
tween these two end-members, as attested by their EPR and FTIR
spectra (Fig. 8).

Table 3

The 4 Payoddu purified samples (Fig. 8b A and B) display EPR and
MIR spectra in the OH-stretching region characterizing different struc-
tural kaolinite order. The PA C1 320 sample is similar to the F1 family
of Mananthavady with spectra of well-ordered kaolinites whereas the
PA B60 sample displays EPR and IR spectrum characteristic of more dis-
ordered kaolinites, but still more ordered than the F4 and F5 kaolinites
previously described. The other studied samples are transition steps be-
tween these two end-members. Note that kaolinites from Payoddu are
relatively well ordered.

The kaolinite disorder families are not correlated to sampling depth
in both laterite profiles (Table 3) but likely correspond to local varia-
tions of prevailing physico-chemical conditions and/or to a complex
weathering history.

5.2.2. EPR spectra of radiation-induced defects in the Mananthavady and
Payoddu kaolinites

In addition to the structural iron with a signal around g = 4.3, the
EPR spectra of kaolinite samples (Fig. 7a), exhibit a paramagnetic
signal around g = 2 assigned to radiation induced defects (RID).
This signal is superimposed to a broad signal due to remaining
superparamagnetic iron-rich phases or domains. Indeed, several ver-
micular kaolinite layers partially pseudomorphosed by iron oxides
can be observed in the samples (Supplementary File 9) and could
have been partially protected from the selective dissolution (CDB)
procedure. The RID signal is anisotropic and usually displays two
components at g, = 2.049 and gL = 2.008, corresponding to the
dominant A-center signal (Clozel et al., 1994). The signal of
Mananthavady samples is unusual (Fig. 7b). Only a weak signal at
the gL position is visible (Figs. 7,9). The g,, component is not appar-
ent on the EPR spectra of these samples and only appears when in-
creased because of artificial irradiation (from 0 to 2342 kGy). The
growth of the signal as a function of radiation dose (Fig. 9) confirms
that the weak gL signal corresponds to a kaolinite RID signal. Its low
intensity indicates a low concentration of A-type RIDs in the investi-
gated kaolinite purified samples. This can be due to young ages of
these minerals and/or to low natural radiation dose rates.

5.2.3. Determination of paleodoses

The relation between the concentration of RID (derived from the in-
tensity of the corresponding signal) and the paleodose, i.e. the radiation
dose experienced by kaolinites since their formation, was determined
using artificial irradiation experiments and by fitting the dosimetry

Summary of dating results. The names of artificially irradiated samples are underlined and reported in italics.

Name Horizon type Disorder family RID intensity (AU) Paleodose u Th K Dose rate Dose rate corrected Age

(kGy) (ppm)  (ppm) (%) (kGy/ka)  (kGy/ka) (Ma)
MA A 30 A F4 1.744 20.299 1.5 7.07 0.12 0.0104 0.007805 2.60, 572
MAB70 B F4 3.4920 40.698 1.57 7.26 3.38 0.0135 0.01142 3.56.1.47
MA Bca 120 BC F4 2.72 23.564 1.36 7.82 0.084 0.0105 0.00789 299,114
MA Bca 200 BC F3 2.14 35.597 0.95 12.84 <LD 0.0132 0.01000 3.564131
MA BCb 270 BC1 F4 2.136 46.067 0.95 4.22 <LD 0.00629 0.00468 9.83,374
MA C1 370 C1 F1 03277 4.076 0.6 5.62 <LD 0.00636 0.00478 0.85_0.89
MA C3 470 c3 F2 0.4744 47719 1.02 3.51 <LD 0.00593 0.00448 1.07 1112
MA BCb 470 BC1 F1 0.366 4.56 0.72 5.71 <LD 0.0068 0.00510 0.89.0.94
MA BCc 540 BC2 F4' 0.173 531 0.48 2.56 <LD 0.00352 0.00265 2.00.076
MA C2BC2 630 2 F5 0.484 5.894 0.4 0.87 <LD 0.00192 0.00144 4.08_428
MA C1 680 C1 F1 0.3845 7.8453 0.36 8.89 <LD 0.00827 0.00627 1.25, 047
MA C2BC2 740 2 F4' 1.83 44.156 0.72 5.19 <LD 0.00636 0.00483 9.135.3.46
MA (3 830 3 F2 0.282 3.008 0.72 2.38 <LD 0.0132 0.00310 0.97 1037
MA C2d 950 Cc2d F5 0.63 8.613 0.36 0.26 <LD 0.0013 0.00098 8.82,341
MA C1 960 C1 F4' 1.548 30.197 0.75 3.16 <LD 0.00482 0.00332 914053
MA C3C2 960 c2C3 F1 0.1746 2.159 0.54 13.33 <LD 0.0124 0.00943 0.229.024
PA B60 B F2p 3.167 42.536 1.32 4.46 0.08 0.00769 0.00567 749, 584
PABC1g 130 BCg Flp 249 20.178 1 39 0.09 0.00627 0.00478 422,16
PA C1320 C1 F3p 2.549 30.221 0.2 0.65 0 0.00113 0.000858 38.0614.46
PA C2 660 2 F4p 2.83 46.622 0.24 0.94 0 0.001487 0.001144 40.73 11547
Archean Gneiss / / / / <L.D. 0.12 0.19 / /
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curves by a simple exponential function (Allard et al., 1994; Allard and
Muller, 1998; Balan et al., 2005). In some cases, a linear component
was added to the exponential function (Duval, 2012), leading to the fol-
lowing general equation:

[=1leo x (1 —e—ﬂ<D+">) +Flx(D+P) (4)

where I is the RID's concentration, I is the RID's concentration at satu-
ration, [Lis an efficiency factor, P is the natural paleodose, D is the artifi-
cial dose rate, and Fl is a linear factor explained in Duval (2012). For this
study, ten purified samples (Table 3) were artificially irradiated in
Mananthavady as well as all the Payoddu purified samples. All the pa-
rameters obtained from the modeling of dosimetry curves are presented
in the Supplementary File 10.

Selected dosimetry curves and an enlarged view of low-dose parts
are presented in the Fig. 10A, B for each Mananthavady kaolinite family

and Fig. 10C, D for the 4 Payoddu samples. It reveals that the F4 family
should be divided in two subfamilies named F4 and F4’ one (Fig. 10A,
B and Table 3), with different dosimetry curves. Based on the link be-
tween crystalline order and dosimetry parameters (Allard et al.,
1994), the fitting parameters of a sample representative of each
Mananthavady kaolinite family have been used to estimate the
paleodoses of unirradiated members of the same family. These extrapo-
lated paleodoses can however only be considered as an estimation. They
will indicate a wide period of formation of the kaolinite contained
within the samples a contrario to the ones artificially irradiated that
will provide a precise age of the dated kaolinite. The obtained
paleodoses span over one order of magnitude, from 2.15 to 46.62 kGy
(Table 3). The relative uncertainty on paleodoses is estimated at 36%
due to the combined errors on RIDs concentrations and curve fitting.
Note that the relative uncertainties on paleodoses for the unirradiated
samples are larger (see Table 3 and Supplementary File 11 for further in-
formation). As a result, two samples, the MA A 30 and MA C1 960



samples, with relatively high paleodoses and very large error bars were
not considered further in this study.

5.2.4. Dose rate determination

The paleodoses recorded by natural kaolinites result from the addi-
tive contribution of o,  and y emissions of the natural radioactive
decay chains (**8U, 23°U, 232Th) and of “°K. The corresponding dose
rate values have been calculated using relation between dose rates
and concentration of radioactive isotopes provided by Adamiec and
Aitken (1998) for closed systems at the secular equilibrium. The dose
rate arising from cosmic rays has been considered negligible. The con-
centration of radioactive elements in the samples are low compared to
other studied lateritic regoliths (see e.g. Dequincey et al., 2002; Balan
et al, 2005): U ranges from 0.2 to 1.57 ppm, Th from 0.26 to
13.33 ppm and K is only detectable in top profile samples with contents
from 0.08 to 3.38% (Table 3). The corresponding uncorrected dose rates
vary over one order of magnitude, from 1.13 to 13.5 Gy/ka (Table 3),
with a calculated uncertainty varying between 6 and 12% (see the
SARM error analysis http://www.crpg.cnrs-nancy.fr/SARM/index.
html). Uncorrected ages of the samples can be obtained from these
values (Supplementary File 6). Adamiec and Aitken (1998) also pro-
posed values of dose rate in case of 100% radon escape. As discussed
above, a partial radon loss of 40% has been considered in this study.
This assumption will correspondingly lower the dose rate due to U-
and Th-decay chains. The corrected dose rate was calculated by using
the secular equilibrium dose rate values for 60% of U and Th concentra-
tion and of the dose rates with total radon escape for 40% of the U and
Th.

In addition, the alpha contribution to the dose rate of U-bearing min-
erals with large grain size is reduced, due to the limited free path of
alpha particles in silicates (~20 um). As explained above, the mapping
of fission tracks shows that <10% of the U is present inside U-bearing
minerals and more than 90% is spread in the matrix (except sample
MA C1 960). Accordingly, the alpha contribution to the U dose rate
has been simply lowered by 10% for all samples, except MA C1960. Be-
cause it has been assumed that Th is homogeneously distributed, no cor-
rection has been applied for this element. The corrected dose rates
range between 0.8 and 11.42 Gy/ka (Table 3, Figs. 6, 11).

At last, the relative enrichment in U and Th relative to other more
mobile elements could have caused a progressive increase of the dose
rate through geological time, particularly for the mottled zone and the
soil. However, this phenomenon is particularly difficult to assess for
old kaolinite populations (several millions of years) as all available accu-
mulation models were calibrated for time scales of <1 Ma (Dequincey
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et al., 2002). For younger kaolinite populations, it is expected to have
a limited influence on the dose rate, assuming that U and Th enrich-
ments are relatively slow processes. As a consequence, it has not been
considered in the present study.

5.2.5. Kaolinite ages

The isochronal relation between the dose rate and the paleodose is
linear (Fig. 11). Calculated kaolinite ages vary between 0.229 and
40.73 Ma (Table 3). They are organized into 4 groups with ages around
39 Ma (2 samples), 9 Ma (4 samples), 3.5 Ma (4 samples) and 1 Ma (7
samples). Because of its large paleodose error, the MA C2BC2 630 sam-
ple cannot be precisely connected to any of the age groups and has not
been considered for the data interpretation. The MA BCc 540 sample has
a quite narrow uncertainty but, still could not be included in the 1 or the
3.5 Ma group.

Due to the correction with maximal radon loss, these ages can be
considered as maximal ages. However, uncorrected ages (i.e. with no
radon loss, see Supplementary File 6) still occur within the incertitude
range of the corrected ages, forming the same age groups. Only the
corrected ages are considered in the following discussion.

6. Discussion
6.1. Kaolinite ages and evolution of lateritic profiles

Kaolinite is the main weathering silicate formed during the develop-
ment of lateritic regolith. Several authors have described the evolution
of kaolinite crystal chemistry along a lateritic profile, highlighting the
coexistence of various generations of kaolinites within the same profile
(e.g., Lucas et al., 1986; Muller et al., 1995; Girard et al., 2002; Nahon,
2003; Balan et al., 2005). The occurrence of generations of other second-
ary minerals within a single weathering profile has also been reported
for Mn oxides (Vasconcelos, 1999; Beauvais et al., 2008; Bonnet et al.,
2016) and iron oxides (e.g. Allard et al., 2018). These generations are
currently interpreted as a clue of an episodic evolution of the
weathering profile, with the formation of a large amount of secondary
minerals coinciding with short weathering pulse induced by optimum
climatic conditions (Vasconcelos, 1999; Retallack, 2010; Bonnet et al.,
2016). These minerals will replace or hide the ones resulting from the
less intense continuous weathering that prevail on continental surfaces.

In the present study, kaolinite is present in all the samples,
displaying various degrees of crystalline disorder and ages. This con-
firms the existence of several generations of kaolinites within both
Indian lateritic profiles. However, the distribution of kaolinite ages
does not follow a regular trend with the sampling depth, differing
from that reported for Brazilian laterites (Balan et al,, 2005). Older kao-
linites are found at the bottom of both profiles but the younger kaolin-
ites are spread throughout the profiles, preventing to define trend
with depth, particularly in Mananthavady (Supplementary File 12)
samples. The 4 top-most samples in the Mananthavady profile display
similar ages (i.e. around 3 Ma) whereas in Payoddu the top-most sam-
ple displays an age of 7.49 Ma. The younger kaolinites (i.e. the 1 Ma
group) display similar lower structural disorder suggesting that they
formed under similar geochemical conditions.

Two of the Payoddu samples have ages that can be regrouped with
kaolinite age groups of the Mananthavady profile, confirming that
both regoliths have experienced a similar history. It is noteworthy that
both profiles also display a structural continuity from the complex
folded saprolite to the topsoil: saprolite and soil horizons are particu-
larly intricated (Fig. 2A, B). This structural observation indicates that
the observed ages cannot be interpreted as being related to the presence
of several distinct paleosols within each profile. In addition, there is no
succession of A, B, C horizon sequences in the profiles, as would be ex-
pected with several paleosols.

The lack of general correlation between kaolinite age and disorder
(Supplementary File 12) suggests that the kaolinite crystal-chemistry
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most likely result from local physico-chemical conditions prevailing
during their formation in soil microenvironments, consistently with the
observation of Tardy (1993). As a matter of fact, the replacement of
older kaolinites by younger ones through dissolution/recrystallization
processes has been related to fluctuations of saturation degree of pore so-
lutions with respect to kaolinite (Lucas et al., 1996 and references

therein). These fluctuations can be linked to vertical/horizontal moving
weathering fronts but also to the channeling of water flow within a soil
profile. Thus, the locations of youngest samples may correspond to prefer-
ential undersaturated-fluid paths during high precipitation periods. These
paths are favored by the local porosity and could be linked to the parent
rock heterogeneity. They could have also evolved in length and width
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during the profile history explaining the preservation of several genera-
tions of kaolinites. This preservation of old kaolinites from the saprolite
can only be explained by the fact that microenvironment fluids of old
phyllosilicate populations should be at saturation with their local
mineralogy, as explained in Tardy (1993), and are likely preserved from
the influence of percolating undersaturated solutions. Within the
Mananthavady saprolite, the oldest kaolinites occur in samples with the
weakest relative accumulation of aluminum, suggesting that these do-
mains have been less leached than the others. However, this hypothesis
is not confirmed by the Payoddu data in which an old sample (38 Ma)
is linked to a significant aluminum concentration.

The lack of young kaolinite in topsoils can be interpreted as arising
from important erosion, which can be correlated with high precipita-
tions in this area and the location of these laterite profiles on hill slopes.
The Payoddu laterite profile, located at the base of a hillslope, is more
eroded than the Mananthavady one. This profile also contains the oldest
relics of kaolinite at 10 m depth.

Overall, kaolinite dating shows that for the investigated lateritic pro-
files, there is no evidence of a simple vertical weathering history, the
simplest model exhibiting the oldest samples at the top of the profiles
and the youngest at their bottom. Instead, successive weathering pro-
cesses have affected specific area of a laterite profile whereas other
parts were preserved. This study thus exemplifies that old soft tropical
weathering surfaces can display renewed domains, modified by recent
weathering pulses, as well as significantly older relictual zones which
are suitable for reconstruction of past environment.

6.2. Kaolinite ages as record of paleoclimatic variations

As discussed by Vasconcelos (1999), secondary minerals of laterites
can be used to discriminate weathering pulses linked to specific climatic
conditions. Indeed, even if these minerals can form under continuous
weathering, such pulse will cause the formation of large quantity of
these minerals. The observation within a regolith of high amount of sec-
ondary minerals with a similar age is a clue for the identification of
weathering pulses. In the present study, the four defined generations
of kaolinite highlight the presence of at least four weathering events

since the Eocene. The age variation within each family does not exceed
3 Ma. This characterizes short weathering pulses that have affected the
Karnataka plateau. In this section, possible relations between age
groups and climatic and geomorphologic events that occurred in the
Southern Peninsular India since 40 Ma (Zoom of the last 15 Ma in
Fig. 12) are discussed. The previously given ages are also compared
with the evolution of the global continental drainage curve made by
Tardy and Roquin, 1998. As a rough approximation, global continental
drainage peaks could correspond to most favorable periods of
weathering.

The 39 Ma kaolinite age group (Table 3), observed in the Payoddu
profile, is the oldest clue of past laterite development in the Karnataka
plateau. This old age is very close to the transient Mid-Eocene Climatic
Optimum (around 41 Ma), a temperature peak as defined from global
oceanic temperature (Bohaty et al., 2009; Zachos et al., 2008). Concom-
itant continental and monsoon intensification has been observed in the
North West of China by Bosboom et al. (2014). A recent modeling study
(Tadaet al., 2016) also relates the onset of the Tibetan Plateau uplift to a
precipitation strengthening in India at this period. Both events may
have induced a weathering pulse on the Karnataka plateau. It is also im-
portant to consider that at this period, a large part of India was located
within the equatorial belt, with more intense precipitation than evapo-
ration (Kent and Muttoni, 2008; Bonnet et al., 2016). The significant
precipitation of the equatorial belt and the local annual mean tempera-
ture of 27 °C, estimated from Chatterjee et al. (2013), characterizing this
part of India around this time period constituted favorable conditions
for lateritic regolith development. The 39 Ma kaolinite group could
thus result from regional south Indian climate variations due to the
combination of local geodynamic factors and Mid-Eocene Climatic Opti-
mum event.

Despite relatively high erosion rates (20 m-Ma~! according to
Mandal et al., 2015), old kaolinites can still be identified, which ques-
tions the constancy of erosion and the long term stability of the profile.

An important age gap is observed between 39 Ma and 9.83 Ma (the
oldest sample of Mananthavady), attesting for the relictual nature of the
oldest kaolinites. However, even if no weathering pulse was recorded
within these profiles during this time range, several events could have
influenced the local weathering conditions such as the weathering
pulse observed in the Ghats around 28 Ma by Bonnet et al. (2016). In ad-
dition, a recent study (Retallack et al.,2018) also shows that paleosols at
the edge of Himalaya have recorded the action of modern South Asiatic
monsoon around 20 Ma. These observations could fit with the inception
of the Asian monsoon described by Chatterjee et al. (2013) at 23 Ma de-
spite the fact that this hypothesis is still disputed (Ramstein et al., 1997;
Hubert and Goldner, 2012; Licht et al., 2014, 2015). However, this event
is not recorded in any of the studied profiles, but this may have been
erased by the recrystallization of younger kaolinite generations.

The 9 Ma group coincides with an important local weathering event
which has been also observed in the Western Ghats region, in the low-
land coastal plain, by Bonnet et al. (2016), but can hardly be correlated
with a worldwide event because of the decline of the global continental
drainage during this period of time (Fig. 12). This points to a more local
cause. Zhisheng et al. (2001) and Chatterjee et al. (2013) described the
onset of the modern Indian monsoon system about 9-8 Ma ago, in rela-
tion with an abrupt increase of the Tibetan Plateau elevation (Molnar
et al.,, 1993, Zhisheng et al., 2001). Bonnet et al. (2016) correlated this
local weathering event with this onset. However, as described above,
our knowledge about the Indian monsoon onset has been recently up-
dated by Retallack et al. (2018). Despite this fact, as both kaolinite and
Mn oxide generations (Bonnet et al., 2016) are correlated, it must indi-
cate the action of a weathering pulse during this period, that is probably
linked to a strengthening of monsoonal precipitation induced by the
9-8 Ma Tibetan Plateau uplift. Several authors (e.g. Ramkumar et al.,
2016) also explain that the Western Ghats Escarpment reached their
present height around this period of time (i.e. 10-8 Ma), which may
have driven significant climatic variations. Note that other authors,
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Fig. 12. Comparison between global continental drainage (from Tardy and Roquin, 1998) through the past 15 Ma and the age of the studied laterites. Major geodynamic and paleoclimatic
regional events are listed as well as the weathering peak periods (in grey) described by Bonnet et al. (2016). The Mananthavady age families seems to be more correlated with the regional
events that have affected the local climate than to the global climate and weathering evolution. The Payoddu samples are represented with squares and the Mananthavady ones with

circles.

using weathering surface dating, explained that the WGE has been sta-
bilized sooner in its history, in the early Eocene (Beauvais et al., 2016).

One of the recorded kaolinite age subgroup of the Mananthavady
profile is set around 3.5 Ma. This group might be related to the acceler-
ation of the Himalaya exhumation and erosion (Clift et al., 2008) and to
the closure of the Indonesian Gateway (i.e. end of the Miocene Indian
Ocean Equatorial Jet, Gourlan et al., 2008) where both the events took
place around 3.5 Ma ago. The first event is currently linked to a monsoon
strengthening, also observed by Zhisheng et al. (2001), which could
have induced the formation of this kaolinite group. Bonnet et al.
(2016) described a weathering pulse at 2.5 Ma that affected the second-
ary laterites of the coastal plains near to the Deccan plateau. Considering
the EPR age uncertainties, these events, as well as the increase of the
global continental drainage around this time period, could be related
to the 3.5 Ma group of kaolinite from this study.

The 1 Ma kaolinites group (Fig. 12), only observed in Mananthavady,
could be linked to the strengthening of the South Asian monsoon occur-
ring between 1.44 and 0.34 Ma period, as inferred from the study of Chi-
nese lake sediments (Singhvi and Krishnan, 2014, and ref. therein).
Zhao et al. (2017) also noticed favorable conditions for kaolinite-rich
laterite profile development between 1.2 and 1 Ma in southern China,
which could confirm the existence of a south Asian weathering pulse
at this time period. This could also be correlated with the rise of precip-
itation in southern India about 0.4 Ma ago, which is observed in the sed-
iments and the pollens from the Southern Kerala Basin (Jayalakshmi
et al., 2004). Despite the occurrence of global continental drainage
(value around 39 - 10° km3-Ma™!, according to Tardy and Roquin,
1992) during this period, close to the present days value, this 1 Ma
age group could be, again, the result of local climatic forcing.

7. Conclusion

The present study addresses the dating complexity of old, tropical
weathering covers that host several generations of the same secondary
mineral. Most of the ages of the Mananthavady and Payoddu lateritic
kaolinites are quite younger than the majority of the dated Mn-oxides
of Deccan plateau lateritic duricrusts (Bonnet et al., 2016). Because of
the kaolinite dissolution/recrystallization processes, only a minimal
age estimate for these profiles can be given by the EPR dating: the
Mananthavady profile is at least 9.83 Ma and the approximate age of
Payoddu profile is at least 40.73 Ma.

The evolution of the studied regoliths from this study reveals short
weathering pulses (around ca 3 Ma periods) rather than a continuous
process of weathering as also noticed by other independent dating ap-
proaches implemented on different laterites (e.g. Vasconcelos et al.,
1994; Retallack, 2010). Although, they cannot be interpreted as a
proof of seasonality of rainfall, the identified weathering pulses are
mostly correlated with the Asiatic monsoon evolution and strengthen-
ing. These pulses seem to be mainly caused by a subcontinental climatic
forcing, rather than by global events.

This study shows the ability of EPR dating methodology to identify
the main weathering periods that affected laterites. However, EPR dat-
ing has significant uncertainties compared to classical dating tech-
niques, but no other dating technique can be applied so far on regolith
where Mn oxides and well crystallized goethites are absent and ages
are older than 1 Ma. In addition, this study showed a limiting test for
the EPR dating methodology, with a set of concentrations around
1 ppm of U, 10 ppm of Th samples containing Fe oxides partly preserved
from CBD attacks and recent kaolinite ages (0.2-1 Ma). Our data suggest



that it may be very difficult to date kaolinites below these combined
values.

Thus, the EPR dating of phyllosilicates offers the possibility of remov-
ing the existing scientific barrier (Bourman, 1993) toward a detailed un-
derstanding of complex weathering processes and evolution of major
continental surfaces.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2018.12.003.
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