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The influence of the pedogenic and climatic contexts on the formation and preservation of pedogenic carbonates in a climosequence in the Western Ghats (Karnataka Plateau, South West India) has been studied. Along the climosequence, the current Mean Annual Rainfall (MAR) varies within a 80 km transect from 6000 mm at the edge of the Plateau to 500 mm inland. Pedogenic carbonates occur in the MAR range of 500-1200 mm. In the semi-arid zone (MAR: 500-900 mm), carbonates occur (i) as thick hardpan calcretes on pediment slopes and (ii) as nodular horizons in polygenic black soils (i. e. vertisols). In the sub-humid zone (MAR: 900-1500 mm), pedogenic carbonates loose, irregular and friable nodules of millimetric size botryoidal nodules of centimetric to pluricentimetric size. They also occur at the top layers of the disseminated centimetric indurated lumps of centimetric to decimetric size Chemical and isotopic ( 87 Sr/ 86 Sr) compositions of the carbonate fraction were determined after leaching with 0.25N HCl. The corresponding residual fractions containing both primary minerals and authigenic clays were digested separately and analysed. The trend defined by the 87 Sr/ 86 Sr signatures of both labile carbonate fractions and corresponding residual fractions indicates that a part of the labile carbonate fraction is genetically linked to the local soil composition. Considering the residual fraction of each sample as the most likely lithogenic source of Ca in carbonates, it is estimated that from 24 to 82% (55% on average) of Ca is derived from local bedrock weathering, leading to a consumption of an equivalent proportion of atmospheric CO 2 . These values indicate that climatic conditions were humid 14/09/2010 3 enough to allow silicate weathering: MAR at the time of carbonate formation likely ranged from 400 to 700 mm, which is 2-to 3-fold less than the current MAR at these locations.

The Sr, U and Mg contents and the ( 234 U/ 238 U) activity ratio in the labile carbonate fraction help to understand the conditions of carbonate formation. The relatively high concentrations of Sr, U and Mg in black soil carbonates may indicate fast growth and accumulation compared to carbonates in saprolite, possibly due to a better confinement of the pore waters which is supported by their high ( 234 U/ 238 U) signatures, and/or to higher content of dissolved carbonates in the pore waters. The occurrence of Ce, Mn and Fe oxides in the cracks of carbonate reflects the existence of relatively humid periods after carbonate formation. The carbonate ages determined by the U-Th method range from 1.33 ± 0.84 kyr to 7.5 ± 2.7 kyr and to a cluster of five ages around 20 kyr, i.e. the Last Glacial Maximum period. The young occurrences are only located in the black soils, which therefore constitute sensitive environments for trapping and retaining atmospheric CO 2 even on short time scales.

The maximum age of carbonates depends on their location in the climatic gradient: from about 20 kyr for centrimetric nodules at Mule Hole (MAR = 1100 mm/yr) to 200 kyr for the calcrete at Gundlupet (MAR = 700 mm/yr, [START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF]). The intensity of rainfall during wet periods would indeed control the lifetime of pedogenic carbonates and thus the duration of inorganic carbon storage in soils.

Introduction

The transfer of calcium and alkalinity from continents to oceans by rivers, supplied by chemical weathering of Ca-silicate minerals, and the subsequent precipitation of calcium carbonate in the oceans are known to be the major drawdown of atmospheric CO 2 on geological time scales, i. e. 10 6 yr [START_REF] Berner | The Global Water Cycle: Geochemistry of the Environment[END_REF][START_REF] Berner | Weathering and its effect on atmospheric CO2 over phanerozoic time[END_REF][START_REF] Dupre | Rivers, chemical weathering and Earth' s climate[END_REF]. However, this transfer can be delayed for periods from 10 3 to 10 6 yr by the precipitation of pedogenic carbonates within semi-arid and arid landscapes [START_REF] Retallack | The environmental factor approach to the interpretation of paleosols[END_REF], which acts like a buffer reservoir for atmospheric CO 2 . The inorganic carbon storage in soils is assumed to be in the range of 780 and 940 Gt [START_REF] Dart | Calcium in regolith carbonates of central and southern Australia:Its source and implications for the global carbon cycle[END_REF] and references therein), and thus represents about a third of the terrestrial C pool. The precipitation of carbonate within regolith is either direct from pore waters or induced by biological processes [START_REF] Goudie | Organic agency in calcrete development[END_REF] and may occur in various forms, namely powdery, nodule, rhizolith, fractureinfill, hard laminated crust (hardpan) and pisolitic crust [START_REF] Machette | Calcic soils of the south-western United States[END_REF][START_REF] Netterberg | Geology of southern African calcretes: I.Terminology, description, macrofeatures and classification[END_REF]. These accumulations develop at the expense of various types of parent rocks under contrasted climates [START_REF] Wang | Dynamic model of the genesis of calcretes replacing silicate rocks in semi-arid regions[END_REF], though mean annual rainfall (MAR) of less than 600 mm favour these accumulations [START_REF] Lintern | The source of pedogenic carbonate associated with gold-calcrete anomalies in the western Gawler Craton, South Australia[END_REF]. Their occurrence is therefore closely linked to climate and has potential to serve as sensitive paleo-climatic indicators.

Understanding the dynamics of pedogenic carbonate formation, accumulation and storage should provide clues to determine the role of this component in the global C cycle and for its accurate modelling. Pedogenic carbonates have been consequently widely studied through various approaches. Quantifying the in situ weathering of Ca versus atmospheric inputs of Ca to the soil using Sr isotopes is a classical procedure, which permits estimates of atmospheric CO 2 consumption via pedogenesis [START_REF] Capo | Sources of strontium and calcium in desert soil and calcrete[END_REF][START_REF] Chiquet | Chemical mass balance of calcrete genesis on the Toledo granite (Spain)[END_REF][START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF]DURAND et al., 2006a;[START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF][START_REF] Hamidi | Isotopic tracers of the origin of Ca in a carbonate crust from the Middle Atlas, Morocco[END_REF][START_REF] Lintern | The source of pedogenic carbonate associated with gold-calcrete anomalies in the western Gawler Craton, South Australia[END_REF][START_REF] Naiman | Isotopic evidence for eolian recycling of pedogenic carbonate and variations in carbonate dust sources throughout the southwest United States[END_REF][START_REF] Neymark | Geochemical and C, O, Sr, and U-series isotopic evidence for the meteoric origin of calcrete at Solitario Wash, Crater Flat, Nevada, USA[END_REF][START_REF] Quade | Strontium and carbon isotope tracers and the origins of soil carbonate in South Australia and Victoria[END_REF] VAN 14/09/2010 5 DER [START_REF] Van Der Hoven | Tracing spatial and temporal variations in the sources of calcium in pedogenic carbonates in a semiarid environment[END_REF]. δ 18 O and δ 13 C have been used to determine paleoenvironmental conditions [START_REF] Pustovoytov | Evidence for Holocene environmental changes in the northern Fertile Crescent provided by pedogenic carbonate coatings[END_REF][START_REF] Quast | Pedogenic carbonates as a proxy for palaeo-CO2 in the Palaeozoic atmosphere[END_REF]. Dating attempts with the U-Th series were successfully or unsuccessfully performed on pedogenic carbonates [START_REF] Branca | An unsuccessful attempt at U/Th dating of soil calcretes from the Doukkali area (western Morocco) and environmental implications[END_REF][START_REF] Candy | Quantifying time scales of pedogenic calcrete formation using U-series disequilibria[END_REF][START_REF] Candy | U-series isochron dating of immature and mature calcretes as a basis for constructing Quaternary landform chronologies for the Sorbas basin, southeast Spain[END_REF][START_REF] Kelly | A calcrete-based U/Th chronology for landform evolution in the Sorbas basin, southeast Spain[END_REF]. U-Th series disequilibria were also used to constrain the paleoweathering processes [START_REF] Neymark | Natural radionuclide mobility and its influence on U-Th-Pb dating of secondary minerals from the unsaturated zone at Yucca Mountain, Nevada[END_REF][START_REF] Neymark | Geochemical and C, O, Sr, and U-series isotopic evidence for the meteoric origin of calcrete at Solitario Wash, Crater Flat, Nevada, USA[END_REF]. Finally, the study of major and trace elements within the soil matrices and the contents of co-accumulated trace elements within pedogenic carbonates, i.e. REEs, Sr and redox sensitive elements [START_REF] Denniston | SIMS analyses of minor and trace element distributions in fracture calcite from Yucca Mountain, Nevada, USA[END_REF][START_REF] Vaniman | Paleotransport of lanthanides and strontium recorded in calcite compositions from tuffs at Yucca Mountain, Nevada, USA[END_REF] have been reported to provide indications for the weathering conditions prevailing during and after their formation.

In the Indian subcontinent, where current arid to semi arid landscapes are widespread, various pedogenic carbonates have been studied, as nodules from vertisols [START_REF] Pal | Polygenetic Vertisols of the Purna Valley of Central India[END_REF][START_REF] Srivastava | Significance of the formation of calcium carbonate minerals in the pedogenesis and management of cracking clay soils (vertisols) of India[END_REF] or as calcrete hardpan (DURAND et al. 2006a;[START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF].

The soil climosequence of the Western Ghâts rainshadow on the Karnataka Plateau, South

West India was studied by [START_REF] Gunnell | Soils and climatic geomorphology on the Karnataka plateau, peninsular India[END_REF]. Along this 80 km climosequence transect, the current MAR varies from 6000 mm at the edge of the Plateau to 500 mm inland. Pedogenic carbonates are present in the MAR range of 500-1200 mm. In the semi-arid zone (MAR: 500-900 mm), pedogenic carbonates occur (i) as thick hardpan calcretes on the pediment slopes and (ii) as nodular horizons in polygenic black soils of the valley floors, soils with low hydraulic conductivity and high base status [START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF][START_REF] Gunnell | Soils and climatic geomorphology on the Karnataka plateau, peninsular India[END_REF]. In the sub-humid zone (MAR: 900-1500 mm), pedogenic carbonates are present as nodules in both black soils and saprolite and also as cementedcarbonate lumps in saprolite. With respect to calcite crystallization, soils of the sub-humid zone are sensitive to temporal variations in precipitation and have undergone, in the past, cyclic fluctuation of the MAR in response to decreases or increases of monsoon fluxes 14/09/2010 6 [START_REF] Caner | On the possibilities of palaeoenvironmental reconstitution offered by tropical highland andisols. Example of Nilgiri andisols (South India)[END_REF][START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF][START_REF] Sukumar | A 13C record of late Quaternary climate change from tropical peats in southern India[END_REF].

The origin and paleoclimatic significance of the hardpan and overlying nodular horizon of the semi-arid zone has been investigated in the regions of Gundlupet and Coimbatore (DURAND et al., 2006a;[START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF]. [START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF] related the presence of calcrete to the in situ weathering of the Precambrian silicate basement and they proposed that the semi-arid conditions have remained fairly stable at these locations over a period longer than 200 kyr. Due to the stability of the Western Ghâts, [START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF] proposed that the rain shadow in this region, and climate transect, have been present

throughout the Quaternary with, however, possible lateral shifts of the sub-humid zone depending on the main rainfall fluctuations.

The present paper proposes a multi-approach study integrating petrographical, geochemical and isotopic tools to better understand the genesis and evolution of pedogenic carbonates occurring in soils of the sub-humid zone of the rain shadow of the Western Ghâts, where the current MAR is no longer favourable to pedogenic carbonate precipitation and accumulation but where nodules are still present in the regolith. The various pedogenic carbonates occurring at that place provide a unique opportunity for studying the dynamics of this carbon reservoir. We will first determine whether the Ca of soil carbonates is significantly derived from the local bedrock weathering, and subsequently whether these pedogenic carbonates constitute a sink for atmospheric CO 2 . Based on their trace element content, 87 Sr/ 86 Sr isotopic ratios, ( 234 U/ 238 U) activity ratios and U-Th dating, the conditions of formation and preservation of pedogenic carbonates will be discussed in terms of pedogenic and climatic contexts.

Environmental settings

The study area is located in the Bandipur National Park, South of the Mysore Plateau, in the Gundlupet district. It corresponds to the sub-humid fringe of the climatic gradient of the 14/09/2010 7 rain shadow of the Western Ghâts (Figure 1). Ninety percent of the MAR is evenly distributed by the South West monsoon from June to October. Two small neighbouring and paired watersheds located in the sub-humid zone were selected as part of an integrated study of the impact of climate and human activities on the biogeochemical and hydrological cycles as detailed below:

• Both watersheds have similar substratum, saprolite and soil cover which have been studied in detail for the Mule Hole watershed [START_REF] References Barbiéro | Soil transformations through ferrolysis induced by natural drainage in Vertisols of sub-humid South India[END_REF]BARBIERO et al., 2007;[START_REF] Braun | Regolith mass balance inferred from combined mineralogical, geochemical and geophysical studies: Mule Hole gneissic watershed, South India[END_REF][START_REF] Violette | Modelling the chemical weathering fluxes at the watershed scale in the Tropics (Mule Hole, South India): Relative contribution of the smectite/kaolinite assemblage versus primary minerals[END_REF]. The parent material is composed of the Peninsular gneiss of the > 2.8 Ga West Dharwar craton [START_REF] Naqvi | Precambrian geology of India[END_REF] intermingled with much less abundant mafic to ultramafic rocks, mostly amphibolite, of the Sargur series [START_REF] Shadakshara Swamy | Geochemistry of Gundlupet gneisses, Southern Karnataka: a 2.5 Ga old reworked sialic crust[END_REF]. The gneiss is composed of quartz, oligoclase, sericite, biotite and chlorite minerals. Accessory minerals include apatite, epidote, allanite, titanite, ilmenite and zircon. Biotite crystals are often chloritized and oligoclase crystals are frequently sericitized [START_REF] Braun | Regolith mass balance inferred from combined mineralogical, geochemical and geophysical studies: Mule Hole gneissic watershed, South India[END_REF]. The average thickness of the immature saprolite is, at the watershed scale, 15 meters. It has been shown that, in the saprolite, the weathering sequence is biotite chlorite > plagioclase >> quartz sericite [START_REF] Braun | Regolith mass balance inferred from combined mineralogical, geochemical and geophysical studies: Mule Hole gneissic watershed, South India[END_REF]. The soil cover is mainly composed of a red soil-black soil system (BARBIERO et al., 2007 to the surrounding soil and having a gradual transition to the soil matrix, attesting to their in situ formation [START_REF] Wieder | Effect of matrix composition on carbonate nodule crystallization[END_REF][START_REF] Wieder | Micromorphological fabrics and developmental stages of carbonate nobular forms related to soil characteristics[END_REF]. The indurated botryoidal nodules consist of dense, hard calcite nodules with sharp margin akin to those described in other Indian vertisols [START_REF] Srivastava | Significance of the formation of calcium carbonate minerals in the pedogenesis and management of cracking clay soils (vertisols) of India[END_REF]. They extend from the surface within the erosion zones to about two meters in depth. Most of them display a septaria system leading sometimes to hollows. Their sharp boundaries with the soil matrices indicate that they have been subjected to pedoturbation. However, the skeleton grains are similar to those of the 14/09/2010 9 soil matrix. They are considered as disorthic nodules [START_REF] Wieder | Effect of matrix composition on carbonate nodule crystallization[END_REF]. The pedogenic carbonates also occur at the top layers of the within both watersheds disseminated centimetric indurated lumps of centimetric to decimetric size Detrital indurated botryoidal nodules are found in abundance in the sandy sediments of the streambeds. They display significant dissolution features and may derive from the indurated pluricentimetric nodules from black soils.

Sampling and analytical procedures

Sampling of pedogenic carbonates and black soil matrices

The pedogenic carbonate sampling is based on previous pedological studies carried out within both Mule Hole and Maddur watersheds [START_REF] References Barbiéro | Soil transformations through ferrolysis induced by natural drainage in Vertisols of sub-humid South India[END_REF][START_REF] Barbiéro | Using a structural approach to identify relationships between soil and erosion in a semi-humid forested area, South India[END_REF]. Two soil sequences and an erosion spoon at Mule Hole (Figure 2) and one soil sequence at Maddur (Figure 3) were selected for specific sampling. The loose millimetric nodules were sampled between the ground surface and a depth of 200 cm in the black soil profiles from the valleys. They come from soil catena, namely T1 (MHK-1, MHK-2) and T2

(MHH-1, MHH-2) at Mule Hole (Figure 2A and2B) and T3 at Maddur (MAN-1) (Figure 3), respectively. The indurated botryoidal nodules from black soils were sampled (i) within the profiles MHT-1 and MHT-2 and at the surface (MHK-3) of the T1 soil catena (Figure 2A) and (ii) in eroding brook banks at Maddur (MAST). Indurated botryoidal nodules from saprolite were collected within an erosion spoon in upslope position (MHS-1, Figure 2C). The lumps of carbonate-cemented saprolite were collected at Maddur at a depth of 300 cm (MAS-1, MAS-2) (Figure 3). 14/09/2010 10 In order to better infer the link between carbonate nodules and the black soil matrices, a small pit, namely MHT-2, was dug in the middle of the poorly drained plain in continuation with the T1 catena at Mule Hole. This portion of land is mainly covered by tufted grasses and rare trees (Ceriscoides turgida, Diopyrs melanoxylon and Emblica officinalis.). There is no litter on the ground except under trees. On the day of sampling (12/05/2008) the ground surface showed a large crack network. From the ground surface to a depth of 220 cm, the solum, developed on gneiss, shows the succession of the following horizons with diffuse boundaries (Figure 2A):

• The horizon A1, developed from the ground surface to 20 cm, has a dark brown colour (7.5YR2.5/1), a granular to a fine sub-angular blocky structure and a fine loamy texture. Grass roots are very abundant.

• The A2 horizon, from 20 to 50 cm, progressively changes downward from fine blocky to prismatic while the texture becomes more clayey.

• In the horizon Bkss, from 50 to 170 cm, the structure is massive and prismatic, the texture clayey and the colour dark grey (10YR3/1). Slickensides are abundant. The first pedogenic carbonates occur in this horizon at 50 cm. They are indurated and millimetric at the top of the horizon and increase in size up to several centimetres downwards. They are sometimes broken. The soil matrix is not effervescent to dilute HCl. Some saprolite pebbles are present.

• In the horizon BCk, from 170 to 220 cm, the structure is prismatic, the texture fine loamy and the colour yellowish (2.5Y3/1), some scarce indurated nodules are present at 190 cm.

In the whole profile, Fe-oxides occur as coatings on coarse quartz grains as well as impregnating matrix cements and Fe-Mn globules. These Fe-Mn cements depict redoximorphic features. Matrix samples devoid of visible pedogenic carbonates were 14/09/2010 11 collected every 20 cm from the surface to a depth of 220 cm.

Morphology and mineralogy

Thin sections were prepared from pedogenic carbonates after impregnation with epoxy resin. Bulk densities (ρ) were determined by the paraffin method with a Sartorius ® density kit (10 replicates) for soil samples and indurated nodules.

Elemental composition and Sr isotope analyses

For subsequent investigations, the pedogenic carbonates were manually separated from the soil matrix using tweezers, washed with ultrapure milliQ ® water and dried at 50°C. Sub-samples were powdered in an agate mortar. 14/09/2010 12

The recovery of the carbonate fraction in solution is based on the methods described in [START_REF] Hamidi | Isotopic tracers of the origin of Ca in a carbonate crust from the Middle Atlas, Morocco[END_REF][START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF] blocks were initially selected to perform the analyses. However, on account of their small size, several loose nodules were combined for analysis.

The carbonate nodules were handled following the procedure for dirty carbonates [START_REF] Bischoff | U-Series Dating of Impure Carbonates -an Isochron Technique Using Total-Sample Dissolution[END_REF] based on full digestion of 5 selected sub-samples. After addition of 229 Th and 236 U spikes the carbonate fraction was dissolved with bi-distilled HNO 3 , the residue digested separately with HF-HNO 3 and evaporated. The digested residue was dissolved in bi-distilled HNO 3 and mixed up with dissolved carbonate fraction for complete homogenization of the sub-sample.

U and Th were separated and purified by ion exchange chromatography using AG1 X8

resin [START_REF] Chabaux | Tracing and dating recent chemical transfers in weathering profiles by traceelement geochemistry and U-238-U-234-Th-230 disequilibria: the example of the Kaya lateritic toposequence (Burkina-Faso)[END_REF][START_REF] Dequincey | Lanthanide and trace element mobilization in a lateritic toposequence: inferences from the Kaya laterite in Burkina Faso[END_REF]. Procedure blanks are < 1pg and ~10 pg for U and Th, respectively, which is negligible compared to the U and Th amounts in samples, typically ranging from 10 to 20 ng. U isotopic composition was determined on a MC-ICP-MS Finnigan Mat Netpune using a multi-static collection mode, optimized for measurements of samples with highly variable U concentrations. Precise isotopic measurements can be obtained with either internal or external normalization. 

Results

The vertical distributions of major oxides, selected trace elements, bulk densities and grain size fractions for the black soil matrices of the profile MHT-2 are listed in Table 1. The concentrations of major and trace elements along with the 87 Sr/ 86 Sr isotopic ratios for the labile and residual fractions of the pedogenic carbonates and the parental gneiss are reported in Table 2. Elemental ratios such as Ce/Ce* and (La/Sm) N are also mentioned. The concentrations of major elements and strontium along with the 87 Sr/ 86 Sr isotopic ratios of rainwater samples are presented in Table 3. The U-Th series dating of pedogenic carbonates are reported in Table 4.

Mineralogy and element behaviour in the black soil profile MHT-2

XRD analyses of samples from the black soil profile MHT-2 indicate that the residual 14/09/2010 15 mineral fractions are dominated by quartz and oligoclase with traces of sericite. In the clay size fractions, smectite dominates with kaolinite. The oxyhydroxide phases include ferric compounds such as ferrihydrite, maghemite and lepidocrocite.

Grain-size distribution, CEC and both pH water and pH KCl data are portrayed as vertical profiles for the black soil samples in Figure 4. The bulk density increases with depth from 1.5 g/cm 3 in the first 20 cm to 2.0 g/cm 3 at 60 cm. This shift is accompanied with an enhancement in the clay concentration from 200 to 400 g/kg. The grain-size fraction profile shows a net decrease in fine sands, a moderate decrease in coarse and fine loam, a slight increase in coarse sand and a net increase in clay. The pH water of the soil matrix indicates that the soil is slightly acidic to neutral between the ground surface and 100 cm with increasing values from 6 to 7.

After 100 cm depth, the pH value shifts to 8. pH KCl is one unit less than pH water . The CEC is dominated by Ca 2+ , which represents 58% (up to 17.2 cmol/kg) of the exchangeable cation pool between 0 and 100 cm and 53% (up to 21.2 cmol.kg) between 100 and 220 cm, respectively.

A correlation analysis including both physical properties and elemental composition

shows that positive correlations, with coefficient r 2 0.7 (n = 14), exist between (i) the clay content and Al, Rb, Fe, Ti, Mg and K, (ii) Al and V, Th, LREE-Ce and HREE, (iii) Y and both LREE-Ce and HREE, (iv) Cr and Y and HREE, and (v) Ti and LREE-Ce and HREE.

Mn, Ce and Ba are positively correlated but heterogeneously distributed within the profile with specific accumulation zones in the Bkss and BCk horizons at 60-80 and 160-180 cm depth, respectively. On average Ce is depleted with Ce/Ce* ranging between 0.7 and 1.6. Na, Sr, Si and, to a lesser extent, Ca are correlated with both sand and loam contents and anticorrelated with the clay fraction-related cations. This indicates that these elements are mostly controlled by residual plagioclase. This observation is supported by the positive correlation between the Eu-anomaly (Eu/Eu*) and both Na and Si. Zr, controlled by residual zircon 14/09/2010 16 crystals, is also strongly correlated with both the sand and loam contents. Strong negative correlation also exists between Th and Zr. U is slightly correlated with Th and both elements are concentrated between 140 and 160 cm depth. 

Morphology and mineralogy of pedogenic carbonates

Elemental enrichment and depletion in the labile and residual fractions of pedogenic carbonates

The proportion of the labile fraction with respect to the residual fraction (i. e. detrital and non-carbonate authigenic material) in the pedogenic carbonates varies from 56 to 86 wt%.

For a chemical element X, the normalization to the gneissic parent rock is defined by the ratio χ = [X] carbonate /[X] average gneiss , with enrichment when χ > 1 and depletion when χ < 1. On average, the labile fraction is enriched compared to the parental gneiss in LREE (except Ce), HREE, Y, U and Sr (Figure 9A and9B).

In labile carbonate fractions, the elemental enrichments are significantly higher within the loose nodules. The carbonate-cemented lump (MAS-1) shows a significant depletion in Sr (χ = 0.5) and U (χ = 0.2) while the enrichments in REE and Y remain moderate. For the other nodules, the χ sequence (minimum and maximum values within brackets) is: χ LREE-Ce (1.8-15.9) > χ U (1.0-9.5) > χ Y (1.9-8.1) > χ HREE (1.0-5.7) > χ Sr (0.8-3.7). The individual REE χ values decrease from La (2 χ La 20) to Lu (0.7 χ Lu 3.1). Ce is mainly depleted (0.1 χ Ce 3.9) with only two χ values > 1 and negative Ce-anomalies (Ce/Ce*) between 0.02 and 0.44. In all nodules, the Mg, Mn, Ba contents display a slight depletion with average χ of 0.8.

The Al, Na, Ti, Cr, Rb and Th contents are strongly depleted with average χ ranging between 0.01 and 0.1. The K, Ti and Zr contents, highly depleted, are below the detection limit.

The residual fractions are enriched in Mn, V, Cr and Ba (Figure 9C andD) with the following average χ sequence: χ Mn (7.5 10). The Sr isotopic composition of the matrices of the nodule samples MHT-2a, b and c, representing the black soil signature, ranges from 0.717583 ± 10.10 -6 to 0.717745 ± 13.10 -6 . The Sr isotopic ratio measured in a bulk sample of Precambrian Peninsular gneiss from Mule Hole is 0.713174 ± 15.10 -6 .

) > χ V = χ Cr (1.6) > χ Ba (1.2) and

U-Th series of pedogenic carbonates

The results of U-Th analyses of carbonate sub-samples are displayed in Table 4, along with the calculated ages, uncertainties and MSWD provided by ISOPLOT 3.00 (LUDWIG, 2003). The comparison of the whole U concentrations with the ( 234 U/ 238 U) of the sub-samples defines two pedogenic carbonate populations according to the soil environment (Figure 11).

Whatever the sampling site, the signature of the black soil carbonates corresponds to a range of concentration between 0.9 and 5.5 µg/g and ( 234 U/ 238 U) between 1.28 and 1.37. In the saprolite/red soil context, the U concentrations range from 0.3 to 1.5 µg/g and ( 234 U/ 238 U) between 1.10 and 1.25. 

Discussion

The combined isotopic, geochemical and mineralogical analyses of the different kinds of carbonates and of black soil profile matrix derived from gneiss provide information about the conditions of formation and accumulation of pedogenic carbonate in the solum. As mentioned, the current MAR in the sub-humid zone of the climatic gradient is 900 to 1200 mm/yr, which is significantly higher than the range favourable for accumulation of carbonates in the soil (50 to 700 mm/yr). The nodules and lumps found in the Mule Hole and Maddur watersheds are therefore considered herein to be pedorelicts formed during conditions drier than today. In the ensuing sections, the elemental translocations in the black soil matrices will be first discussed followed by an assessment of the weathering conditions pertaining to the precipitation of the carbonate pedorelicts with respect to the co-accumulated elements such as U, Sr, REEs and Y. Subsequently, the origin of Ca in the pedogenic carbonates will be inferred and the conditions of formation and preservation of carbonates according to the climate and pedological contexts will be discussed.

Elemental translocations in the Mule Hole regolith

A conventional method to infer the elemental translocations within regolith is to apply a mass balance calculation based on the principle of mass conservation [START_REF] Brimhall | Quantitative geochemical approach to pedogenesis: importance of parent material reduction, volumetric expansion and eolian influx in laterization[END_REF][START_REF] Oh | Elemental translocation and loss from three highly weathered soil-bedrock profiles in the southeastern United States[END_REF]. For a chemical element j:

V w ρ w C j w = V p ρ p C j p + m j flux (1)
Where the subscripts p and w refer to the parent and weathered materials, respectively. 14/09/2010 20 V is volume in cm 3 , ρ is bulk density in g/cm 3 and C j is chemical concentration of any element j in weight percent (wt%). The m j,flux represents the mass of an element j moving into or out of the system. The m j,flux is positive if the element j is accumulating in the system and negative if j is leaching from the system.

The volumetric strain (ε) or volume change is calculated from the density ratios ρ and conservative element concentrations C i in the regolith by:

ε i w = ρ p C i p ρ w C i w - (2) 
Positive values of ε i,w indicate expansion, negative ones indicate collapse and values around zero, isovolumetric weathering.

The addition or subtraction of a chemical element j, either by solute migration or mechanical translocation, is quantified by the open-system mass fraction transport function (τ j,w ) :

τ j,w = ρ w .C j,w ρ p .C j, p . ε i,w + 1 ( ) -1 (3)
Because the calculation of τ j,w takes into account both residual enrichment and deformation, a positive value for τ j,w reflects a true mass gain in element j of the weathered rock compared to the parent rock and a negative value indicates a mass loss. If τ j,w = 0, the element is immobile during weathering with respect to the volume of regolith considered.

In a recent companion paper, combined geochemical, mineralogical and geophysical investigations were used to attempt a mass balance reconstruction at the Mule Hole watershed scale [START_REF] Braun | Regolith mass balance inferred from combined mineralogical, geochemical and geophysical studies: Mule Hole gneissic watershed, South India[END_REF]. Titanium was used as an immobile element in the τ calculation for bulk samples of the gneiss-derived saprolite and the red soil. This previous work did not take into consideration the less abundant black soil areas (12% of the whole watershed), which could be, along with saprolite, the major reservoirs for the storage of pedogenic carbonates at Al Si Ca (40%) > Zr (30%) > Fe (20%) > Mn U (10%). Both depth-τ relationships (Figure 12) and the correlation analysis facilitate the categorization of the elements into four groups, depending on their relative mobility and geochemical reactivity [START_REF] Driese | Mass-balance reconstruction of a modern Vertisol: implications for interpreting the geochemistry and burial alteration of paleo-Vertisols[END_REF][START_REF] Stiles | Pedogenic iron-manganese nodules in Vertisols: A new proxy for paleoprecipitation?[END_REF][START_REF] Stiles | Distinguishing climate and time in the soil record: Mass-balance trends in Vertisols from the Texas coastal prairie[END_REF].

• The first category includes the elements linked to the primary framework minerals, i.e.

the residual minerals (Figure 12F). Elements such as Ca, Na, Sr, Si, Zr are correlated to the sand and loam fraction attesting to the preservation of quartz, zircon, and plagioclase in the solum,

• The second group is related to the elements linked to clay concentration and includes K, Rb, Al, Ti, Mg, and, to a lesser extent, REE and Y (Figure 12C),

• The third group is composed of the redox-responsive elements, Fe, Mn, Ce, Cr and V (Figure 12E). The transport functions are complex for Mn and Ce suggesting redistribution processes in the soil profile with zones of dissolution and accumulation.

The similar transport functions for Mn and Ba suggest the presence Mn-Ba oxides as • The fourth group includes U and Th, for which a dual control does certainly exist by both residual minerals and clays (Figure 12D). For instance U can be in zircon. The transport functions for U and Th show a similar shape with however a higher depletion in Th.

In summary, the solum is characterized by the leaching of trace elements such as REE, Y, U and Th and a strong redistribution of the redox sensitive elements (Fe, Mn, Cr, V, Ce), compared to the chemistry of the pedogenic labile carbonate fraction which shows selective accumulation of Sr, U and LREE-Ce.

Sources of Ca in the pedogenic carbonates

Because of the similar chemical behaviour of Sr and Ca, the Sr isotopic composition is often considered as a proxy to identify the Ca origin in pedogenic carbonates [START_REF] Capo | Sources of strontium and calcium in desert soil and calcrete[END_REF][START_REF] Capo | Strontium isotopes as tracers of ecosystem processes: theory and methods[END_REF][START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF][START_REF] Dart | Calcium in regolith carbonates of central and southern Australia:Its source and implications for the global carbon cycle[END_REF][START_REF] Hamidi | Isotopic tracers of the origin of Ca in a carbonate crust from the Middle Atlas, Morocco[END_REF]. The Sr isotopic composition, which is a conservative tracer, reflects the sources of Sr available in the soil environment. In the soil solution, the Sr content depends on the mixing of both atmospheric and in situ weathering sources. Attempting to quantify the Ca contribution of each source within the labile fraction of the pedogenic nodules will therefore depend on both the Sr isotopic signature and the Sr/Ca molar ratio of each end-member. The proportion of Ca from the atmospheric source (%Ca atm ) in the labile fraction is given by the following formula [START_REF] Capo | Strontium isotopes as tracers of ecosystem processes: theory and methods[END_REF]: This value, even if slightly lower than the seawater isotopic ratio, is consistent with the observations that the SW monsoon has a dominant marine component at the sub-continent scale [START_REF] Siva Soumya | Non-linear regression model for spatial variation in precipitation chemistry for South India[END_REF].

%Ca
The Precambrian Peninsular gneiss of the Gundlupet area also displays a wide range of Sr isotopic signatures, from 0.713174 to 0.783180 [START_REF] Janardhan | Rb-Sr dating of the Gundlupet gneiss around Gundlupet, Southern Karnataka[END_REF] and this study, Table 1). Since the variation of the Sr isotope ratios is mineralogically controlled, the whole rock isotopic ratio varies according to the relative abundance of (i) less radiogenic minerals, such as plagioclase and apatite with 87 Sr/ 86 Sr close to 0.7 and (ii) the most radiogenic minerals such as biotite, with 87 Sr/ 86 Sr from 0.9 to 4.3 [START_REF] Meissner | Geochronological evolution of the Moyar, Bhavani and Palghat shear zones of southern India: implications for east gondwana correlations[END_REF].

Moreover the weathering sequence should also have a significant impact on the local variation of the Sr isotopic ratios in the regolith [START_REF] Pett-Ridge | Sr isotopes as a tracer of weathering processes and dust inputs in a tropical granitoid watershed, Luquillo Mountains, Puerto Rico[END_REF]. Therefore taking an average 87 Sr/ 86 Sr signature for the parent rock as the in situ weathering end-member is not pertinent. Another alternative is to consider that the 87 Sr/ 86 Sr signatures of the residual fraction of the pedogenic carbonates represents the weathered material present when the 14/09/2010 24 carbonate phase was formed. This is consistent with (1) the trend observed between the 87 Sr/ 86 Sr signatures of labile carbonate fractions and the 87 Sr/ 86 Sr signatures of the corresponding residual fractions, which means that each carbonate fraction is at least partly linked to the local soil composition (Figure 10) and ( 2) the similarity between the 87 Sr/ 86 Sr signatures of black soil matrices of MHT2 a, b, c (from 0.717583 to 0.717745) and those of the residues of the MHT2 carbonate nodules (from 0.717911 to 0.718295). The best local 87 Sr/ 86 Sr signature of rock should thus be provided by the residual phase of each sampling location for the gneiss-derived samples.

According to the compositions of the atmospheric and lithologic Ca sources discussed above and based on equation 4, the calculated proportion of Ca derived from the lithologic source varies from 24 to 82% for the loose nodules, from 37% to 75% for the indurated botryoidal nodules and from 5 to 29% for the carbonate-cemented saprolite lumps. The sample MAS-2 with the lowest proportion of lithologic derived Ca (5%) has the most radiogenic signature in the residual fraction. It is out of the trend defined by the other samples (Figure 10). For this particular sample, the residual fraction may not be representative of the in situ weathering source, leading to an underestimation of the lithologic source contribution.

If this sample is set aside, the whole average contribution of the lithologic component is 55% which is, on average, higher than that found in South Australia (< 2%-30%, [START_REF] Dart | Calcium in regolith carbonates of central and southern Australia:Its source and implications for the global carbon cycle[END_REF][START_REF] Lintern | The source of pedogenic carbonate associated with gold-calcrete anomalies in the western Gawler Craton, South Australia[END_REF][START_REF] Quade | Strontium and carbon isotope tracers and the origins of soil carbonate in South Australia and Victoria[END_REF], in Spain (3 -33%, [START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF] and in United States (2 -< 40%, [START_REF] Capo | Sources of strontium and calcium in desert soil and calcrete[END_REF][START_REF] Naiman | Isotopic evidence for eolian recycling of pedogenic carbonate and variations in carbonate dust sources throughout the southwest United States[END_REF]. However, two studies reported, though not quantified, a preponderant contribution of in situ weathering (i) in the Atacama Desert, Chile in relation with saline groundwater evaporation and eolian redistribution [START_REF] Rech | Isotopic evidence for the source of Ca and S in soil gypsum, anhydrite and calcite in the Atacama Desert, Chile[END_REF] and (ii) in calcrete hardpans from South Peninsular India (DURAND et al., 2006a;DURAND et al., 2006b).

The evolution of Sr isotopic signatures from seashore towards 100 to 200 km inland is 14/09/2010 25 often interpreted as a result of the decreasing influence of sea salts [START_REF] Capo | Pedogenic origin of dolomite in a basaltic weathering profile, Kohala peninsula, Hawaii[END_REF][START_REF] Dart | Calcium in regolith carbonates of central and southern Australia:Its source and implications for the global carbon cycle[END_REF][START_REF] Quade | Strontium and carbon isotope tracers and the origins of soil carbonate in South Australia and Victoria[END_REF][START_REF] Rech | Isotopic evidence for the source of Ca and S in soil gypsum, anhydrite and calcite in the Atacama Desert, Chile[END_REF][START_REF] Whipkey | Development of magnesian carbonates in Quaternary soils on the island of Hawaii[END_REF]. For pedogenic carbonates beyond 200 km inland, the proportion of in situ weathering versus atmospheric sources is still poorly understood. Nevertheless, from the available dataset, two populations of pedogenic carbonates might be distinguished: The first with 0 to 15% of Ca lithologic source located in desert regions with current MAR < 300 mm [START_REF] Capo | Sources of strontium and calcium in desert soil and calcrete[END_REF][START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF][START_REF] Dart | Calcium in regolith carbonates of central and southern Australia:Its source and implications for the global carbon cycle[END_REF][START_REF] Lintern | The source of pedogenic carbonate associated with gold-calcrete anomalies in the western Gawler Craton, South Australia[END_REF], and the second with higher lithologic contribution located in semi-arid regions with current MAR ranging between 400 and 700 mm [START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF][START_REF] Dart | Calcium in regolith carbonates of central and southern Australia:Its source and implications for the global carbon cycle[END_REF]DURAND et al., 2006a;[START_REF] Naiman | Isotopic evidence for eolian recycling of pedogenic carbonate and variations in carbonate dust sources throughout the southwest United States[END_REF].

According to these studies, the Ca contribution of the in situ weathering might therefore be dependent on MAR if we consider that the pedogenic carbonates formed in similar climatic conditions to that prevalent today, which is a reasonable assumption. A significant release of Ca from weathering indeed needs relatively humid conditions, which may limit the influence of atmospheric inputs, especially dusts. If this trend is meaningful, it implies that the pedogenic carbonate occurrences at Mule Hole and Maddur would have formed within MAR range of 400 -700 mm, which is 2-3 times less than the current MAR. This is realistic since both watersheds are located in a position of the climatic gradient where large MAR variations exist and have existed. At this stage, an important implication is that these pedogenic carbonates constitute an efficient trap for atmospheric CO 2 consumed by silicate weathering since their formation in semi-arid conditions.

Controls on the trace-element chemistry of pedogenic carbonates

The carbonates exhibit large variations respectively in U/Ca Sr/Ca, Ce/Ca, Mg/Ca molar ratios, namely 27 fold (from 9.8 10 -8 to 2.7 10 -6 ), 7 fold (from 1.5 10 -4 to 9.8 10 -4 ), 30 fold (from 5 10 -6 to 1.6 10 -4 ) and 7 fold (from 1.3 10 -2 to 9.1 10 -2 ). Moreover, the ( 234 U/ 238 U) signatures of sub-samples analysed for U-Th dating range from 1.115 to 1.374 14/09/2010 26 (Figure 11). When compared to each other, the Sr/Ca, U/Ca, Mg/Ca molar ratios and ( 234 U/ 238 U) signatures define trends with two populations according to the pedological environment: the most U-, Sr-and Mg-concentrated carbonates, with highest ( 234 U/ 238 U) signatures correspond to black soil occurrences, whereas the less U-, Sr-and Mgconcentrated carbonates, with lowest ( 234 U/ 238 U) signatures, correspond to the saprolite ones.

This means that the carbonate composition would be controlled, on a first order, by the physico-chemical properties of the host materials of the soil profile.

The high ( 234 U/ 238 U) values of black soil carbonates, from 1.27 to 1.374, indicate that they formed in similar pedological conditions, whatever the location in the climatic gradient (Maddur or Mule Hole), whatever the morphology of carbonates (loose or botryoidal) and whatever the mean age of the occurrences (20 kyr or younger) (Figure 11). The high specific area and the confinement of solutions due to the high clay content of black soils may be responsible for the enhancement of α-recoil process in soil solutions and subsequent relative enrichment of 234 U in pedogenic carbonates precipitated from the soil solutions.

There could be several factors for explaining the large variations in U, Sr and Mg concentrations according to the pedological context. First, they could fortuitously result from variations in the chemical composition of the local black soil and saprolite, themselves dependant on the local bedrock composition. Such a hypothesis may be tested if one assumes that the chemical signature of the residual fraction of each carbonate is representative of the local soil/saprolite composition (see section 6.2). However, the U/Ca, Sr/Ca and Mg/Ca molar ratios of the residual fractions of saprolite carbonates are undistinguishable from those of black soil carbonates. Alternatively, the relationship between carbonate composition and pedologic context could be indirect and result from variations in parameters known to control the partition coefficients of U, Sr and Mg in calcite that forms in marine environments such as temperature, crystal growth rate and/or the chemical composition of the soil solution (e.g. pH, 14/09/2010 27 carbonate concentration). For instance, the incorporation of Mg into calcite mainly depends on temperature (e.g. [START_REF] Gascoyne | Trace-element partition coefficients in the calcite-water system and their paleoclimatic significance in cave studies[END_REF][START_REF] Huang | Partitioning of Sr2+ and Mg2+ into calcite under karstanalogue experimental conditions[END_REF][START_REF] Rimstidt | Distribution of trace elements between carbonate minerals and aqueous solutions[END_REF]ROSENTHAL et al., 2007 and references therein), which makes the Mg/Ca ratio in plankton a proxy for reconstructing marine paleo-temperatures: the Mg/Ca ratio in foraminifers increases by 8-10% per °C [START_REF] Lea | Controls on magnesium and strontium uptake in planktonic foraminifera determined by live culturing[END_REF]. However, the incorporation of trace elements into calcite from marine organisms is often species dependent, making any extrapolation to soil processes equivocal. Experiments of inorganic and biogenic calcite growth indicate that at constant temperature, the strontium incorporation into calcite (D Sr ) is strongly correlated to calcite precipitation rate (R) [START_REF] Lorens | Sr, Cd, Mn and Co distribution coefficients in calcite as a function of calcite precipitation rate[END_REF][START_REF] Nehrke | Dependence of calcite growth rate and Sr partitioning on solution stoichiometry: Non-Kossel crystal growth[END_REF][START_REF] Tang | Sr2+/Ca2+ and 44Ca/40Ca fractionation during inorganic calcite formation: I. Sr incorporation[END_REF][START_REF] Tesoriero | Solid solution partitioning of Sr2+, Ba2+, and Cd2+ to calcite[END_REF]. For instance, [START_REF] Tang | Sr2+/Ca2+ and 44Ca/40Ca fractionation during inorganic calcite formation: I. Sr incorporation[END_REF] According to this relationship, a two-fold variation of D Sr , which corresponds to the mean Sr variations between black soil carbonates and saprolite carbonates, would nearly correspond to a 25-fold variation in calcite growth rate. At T=5°C, the relationship between D Sr and R is slightly different and a 2 fold variation of D Sr would correspond to almost a 10 fold variation in the calcite growth rate [START_REF] Tang | Sr2+/Ca2+ and 44Ca/40Ca fractionation during inorganic calcite formation: I. Sr incorporation[END_REF]. The influence of calcite growth rate on incorporation of Sr was proposed by [START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF] for pedogenic carbonates in Spain and also invoked by [START_REF] Cole | Petrographic and trace element analysis of uranium-rich tufa calcite, middle Miocene Barstow Formation, California, USA[END_REF] to account for high U and Sr concentrations in tufas, with in that case also include a possible effect of microbial mediation. If one considers that the growth rate of calcite is the preponderant mechanism for explaining the U and Sr contents in the Maddur and Mule Hole pedogenic carbonates, the experiments of [START_REF] Tang | Sr2+/Ca2+ and 44Ca/40Ca fractionation during inorganic calcite formation: I. Sr incorporation[END_REF] [START_REF] Huang | Partitioning of Sr2+ and Mg2+ into calcite under karstanalogue experimental conditions[END_REF], or by the presence in the soil of carboxyl-rich molecules that would enhance Mg incorporation [START_REF] Stephenson | Peptides Enhance Magnesium Signature in Calcite: Insights into Origins of Vital Effects[END_REF]. High Mg concentrations were indeed found in carbonate cements developed in organic rich environments by [START_REF] Mccall | Uranium (VI) Incorporation in Paleosol Calcite: Evidence for Sequestration of U on Geologic Time Scales[END_REF], who proposed that plant roots could be responsible for the Mg enrichments.

In which way the link between the carbonate growth rate and the nature of the pedologic context could be explained? According to [START_REF] Lopez | The influence of temperature and seawater composition on calcite crystal growth mechanisms and kinetics: Implications for Mg incorporation in calcite lattice[END_REF], who studied calcite precipitation in artificial seawater, 3-fold increase of CO 3 2-content in the water would be responsible for a more than 20-fold increase of the calcite crystal growth rate, which is on the same order as growth variations deduced from mean Sr contents in black soils and saprolite.

( [START_REF] Nehrke | Dependence of calcite growth rate and Sr partitioning on solution stoichiometry: Non-Kossel crystal growth[END_REF] also noticed that at constant saturation degree, the calcite growth rate would depend on the Ca 2+ /CO 3 2-ratio in the solution and would be maximal when it is close to 1. The Ca 2+ /CO 3 2-ratio of the soil solution at the time of pedogenic carbonate crystallization is impossible to estimate. However, the CO 2 partial pressure (pCO 2 ), measured in a black soil profile at Mule Hole (MHT-1) ranging from 0.82% at 20 cm to 0.10% at 220 cm, support the idea that the black soil pore water would contain appreciably more dissolved CO 3 2-than the saprolite pore water located below 220cm.

The systematic negative Ce-anomaly in the carbonate labile fractions indicate that, at the time of their formation, the percolating soil solutions were oxidizing and Ce formerly deposited in other places in the profile. Similarities can be put forward with the behaviour of REE in more acidic environments where secondary Al-phosphate precipitation controls the REE chemistry [START_REF] Braun | Solid/Liquid REE Fractionation in the Lateritic System of Goyoum, East Cameroon: The Implication for the Present Dynamics of the Soil Covers of the Humid Tropical Regions[END_REF]. In the present case it seems that carbonate controls the REE-Ce chemistry. After carbonate formation, there is evidence that the percolating soil 14/09/2010 29 solutions infiltrated the peripheral crack network of the nodules, when it existed, and precipitated Ce and other redox-sensitive elements such as Fe, Mn, Cr and V (Figure 8). The presence of these elements in the nodules supposes that they were mobilized in more humid conditions than those prevailing during initial carbonate crystallization. Fe requires significantly lower pε to be mobilized than Mn and Ce [START_REF] Stiles | Pedogenic iron-manganese nodules in Vertisols: A new proxy for paleoprecipitation?[END_REF]. (TRIPATHI and RAJAMANI, 2007a) propose that mobilization of Fe, Mn and Ce results from alternating aridity/humid periods. The fact that these elements precipitate in the cracks of the nodules may indicate that indurated pedogenic carbonates underwent at least one significant humid period since their formation. In addition, the lack of correlation between U/Ca and Ce/Ca in labile fractions of carbonates indicates that the U and Ce mobility are not linked: the U trapped in carbonates may have remained immobile during the relative humid periods.

In summary, the Sr, U and Mg contents and the ( 234 U/ 238 U) activity ratio in labile fraction of carbonates reflect the conditions of formation of carbonates, mainly driven by the soil type. The carbonate growth of black soil carbonates appears to be much faster than those in saprolite based on better confinement of solutions and possible higher dissolved carbonates in the soil solution. Ce concentrations are mainly localised in the cracks of carbonates, which is interpreted to be the result of a relative humid period after initial carbonate formation.

Paleo-monsoonal significance of pedogenic carbonate occurrences and influence on carbon storage

As discussed in section 6.2, carbonate accumulation in the Maddur and Mule Hole watersheds probably occurred during climatic conditions drier than those of the present day, i.e. with MAR ranging from 400 to 700mm; these results are important since relatively little paleoclimate information is available in these cratonic regions. Out of the 12 dating attempts performed on Mule Hole and Maddur carbonates, only seven provided ages with reasonable, albeit not ideal, MSWD. Three attempts (MHH-1d(2), MHH-1c(1), MHH-1c( 2)) failed 14/09/2010 30 because the carbonates are too young to be dated by this U-Th method. The cemented carbonate lumps from Maddur (MAS-1 and MAS-2) are probably the oldest occurrences but their composition obviously does not result from a mixture between two simple end-members: either these carbonates evolved as an open system, or their growth would have been rather

slow enough to encompass a wide range of ages in a single sample. This latter explanation would be consistent with a slow growth of the carbonate [START_REF] Chiquet | Atmospheric input vs in situ weathering in the genesis of calcretes: an Sr isotope study at Galvez (Central Spain)[END_REF][START_REF] Tang | Sr2+/Ca2+ and 44Ca/40Ca fractionation during inorganic calcite formation: I. Sr incorporation[END_REF] (see section 6.3). Consequently, the further discussion will focus on the significance of the seven "successful" ages: (1) 1.33 ± 0.84 kyr (MHH-1d(1)), (2) 7.5 ± 2.7 kyr (MAN) and

(3) the group of 4 samples and one replicate with narrow age range from 15.7 ± 4.8 to 21.9 ± 8 kyr (MHT-1, MHS(1), MHS(2), MAST(1), MAST( 2)).

The ages from (3) covers the Last Glacial Maximum, a period for which the SW monsoon strength has been studied extensively through oceanic records in the Arabian Sea (e.g. [START_REF] Duplessy | Glacial to Interglacial Contrasts in the Northern Indian-Ocean[END_REF][START_REF] Prabhu | A 200-ka pollen and oxygen-isotopic record from two sediment cores from the eastern Arabian Sea[END_REF][START_REF] Prell | Coherent Response of Arabian Sea Upwelling and Pollen Transport to Late Quaternary Monsoonal Winds[END_REF][START_REF] Rostek | Reconstructing Sea-Surface Temperature and Salinity Using Delta-O-18 and Alkenone Records[END_REF][START_REF] Sarkar | High resolution Holocene monsoon record from the eastern Arabian Sea[END_REF][START_REF] Vancampo | Monsoon Fluctuations in 2 20,000-Yr Bp Oxygen-Isotope Pollen Records Off Southwest India[END_REF][START_REF] Vancampo | Climatic Conditions Deduced from a 150-Kyr Oxygen Isotope Pollen Record from the Arabian Sea[END_REF] and through continental records in the Indian subcontinent (e.g. [START_REF] Caner | On the possibilities of palaeoenvironmental reconstitution offered by tropical highland andisols. Example of Nilgiri andisols (South India)[END_REF][START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF][START_REF] Singh | Vegetational and Seasonal Climatic Changes since the Last Full Glacial in the Thar Desert[END_REF][START_REF] Sukumar | A 13C record of late Quaternary climate change from tropical peats in southern India[END_REF]. All the climate proxies used for these previous studies, pollen distribution, δ 18 O of foraminifers and δ 13 C of organic matter support a relatively weak SW monsoon at that time (Figure 13).

The closest oceanic records of monsoon strength since the Late Pleistocene are located at 10°N and 15°N in the eastern Arabian sea [START_REF] Vancampo | Monsoon Fluctuations in 2 20,000-Yr Bp Oxygen-Isotope Pollen Records Off Southwest India[END_REF]. Based on two pollen records of Rhizophora (Mangrove), (VANCAMPO, 1986) considered climate to have been very arid between 18-22 kyr ago, but with persistence of low summer precipitation at 10°N which is consistent with the formation conditions of the pedogenic carbonates from the climatic gradient. The strength of SW monsoon and associated rainfall would have increased gradually from 16.5 kyr BP and extended towards the North due to northward migration of the 14/09/2010 31 Intertropical Convergence Zone [START_REF] Vancampo | Monsoon Fluctuations in 2 20,000-Yr Bp Oxygen-Isotope Pollen Records Off Southwest India[END_REF]. The maximum rainfall intensity, corresponding to a maximum extension of the mangrove, was reached 11 kyr BP before a decrease during the Holocene. In the sub-humid zone of the gradient, the dry conditions prevailing at the LGM led to widespread occurrences of pedogenic carbonates in black soil and saprolite, which are still preserved. No trace of pedogenic carbonates was found in the red soil, which represents 80% of the soil cover in these watersheds. This may indicate that the pedoclimatic conditions did not allow the carbonate occurrence, or that the carbonates were dissolved during the maximum monsoon intensity that followed the LGM, between 15 and 5kyr, depending on studied locations and proxies (e.g. [START_REF] Overpeck | The southwest Indian Monsoon over the last 18000 years[END_REF][START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF][START_REF] Ramesh | High resolution Holocene monsoon records from different proxies: An assessment of their consistency[END_REF]VANCAMPO, 1986 and references therein). This long wet period may have been responsible for Mn-Ce migration through the soil profile, as observed by (TRIPATHI and RAJAMANI, 2007b), and for their precipitation in the cracks of nodules from black soils and saprolite.

In South Peninsular India, fluctuations in Holocene monsoon intensity were recorded in the Nilgiris Mountains, less than 100 km south from our study area. The studies were based on δ 13 C measurements in peat bogs [START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF][START_REF] Sukumar | A 13C record of late Quaternary climate change from tropical peats in southern India[END_REF] and in organic matter of andosols [START_REF] Caner | On the possibilities of palaeoenvironmental reconstitution offered by tropical highland andisols. Example of Nilgiri andisols (South India)[END_REF]. According to [START_REF] Sukumar | A 13C record of late Quaternary climate change from tropical peats in southern India[END_REF] the regional climatic conditions changed from wet to arid between 10 and 6 kyr BP.

These arid conditions prevailed, with few low amplitude fluctuations, till the Medieval Warm Period (ca. 0.5-0.7 kyr BP). This trend was confirmed by [START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF] who recorded a sharp wet peak at 9 kyr BP before an evolution towards arid conditions was reached at 5 kyr BP and which was also maintained till the Medieval Warm Period. Both youngest ages obtained from loose nodules in black soil of Mule Hole and Maddur, 1.33 ± 0.84 kyr (MHH-1) and 7.5 ± 2.7 kyr (MAN), respectively, fall within the arid period detected from the continental proxies [START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF][START_REF] Sukumar | A 13C record of late Quaternary climate change from tropical peats in southern India[END_REF] 14/09/2010 32 (figure 13). The younger occurrence is also consistent with the arid climatic conditions found in the sedimentary record of the inner shelf of Karwar, coastal Karnataka [START_REF] Caratini | A Major Change at Ca 3500 Years Bp in the Vegetation of the Western Ghats in North Kanara, Karnataka[END_REF].

Thus, it can be concluded that in semi-arid conditions (see section 6.2), black soils favour carbonate production even during short dry periods. The fact that carbonate growth rate is relatively high (see section 6.3) confirms this observation. Black soils would be confined enough to also preserve several distinct generations of pedogenic carbonates, for time spans exceeding those of dry periods. However, the maximum ages of carbonates seem independent from the pedological context, but rather sensitive to the position in the climatic gradient: from about 20 kyr for centrimetric nodules at Mule Hole (current MAR = 1100 mm/yr) to 200 kyr for the calcrete at Gundlupet (current MAR = 700 mm/yr, [START_REF] Durand | Pedogenic carbonates on Precambrian silicate rocks in South India: Origin and paleoclimatic significance[END_REF]. In between at Maddur (MAR = 900 mm/yr), the two occurrences are probably older than the LGM. This would indicate that, rather than the pedologic context, the intensity of rainfall during wet periods would play a role in the residence time of pedogenic carbonates.

Such control could occur in two ways: (1) the dissolution of carbonates due to increase of water percolation through and leaching from the soil profile, or (2) physical removal due to the erosion. The dissolution process would likely prevail in permeable media, such as shallow saprolite: it could explain calcium accumulation in the deepest parts of the saprolite at Mule

Hole [START_REF] Braun | Regolith mass balance inferred from combined mineralogical, geochemical and geophysical studies: Mule Hole gneissic watershed, South India[END_REF]. Physical removal is currently observed at the outlet of the Mule Hole and Maddur watersheds, where fragments of pedogenic carbonates are mingled with the riverbed sandy sediments. The mean erosion rate calculated by [START_REF] Gunnell | Quantitative and qualitative insights into bedrock landform erosion on the South Indian craton using cosmogenic nuclides and apatite fission tracks[END_REF] with 10 Be, 13.6 ± 2.9 mm/kyr, indicates that on average 1.4 m of soil cover would be removed in 100 kyr. This amount would be sufficient for explaining the absence of carbonate older than 20 kyr at Mule Hole, since older carbonate nodules would have been removed by erosion processes. 14/09/2010 33

Conclusions

A combination of mineralogical, geochemical and isotopic investigations has been carried out on the pedogenic carbonate nodules and black soil matrices of the sub-humid zone of the Western Ghâts rain shadow (South India)

• The black soil matrices are characterized by the leaching of REE, Y, U and Th and a strong redistribution of the redox sensitive elements compared to the pedogenic carbonate chemistry which shows selective accumulation of Sr, U and LREE-Ce,

• The proportion of Ca in the labile fraction of carbonates coming from the local silicate weathering was calculated using the 87 Sr /86 Sr ratio as a tracer of the Ca origin. The lithogenic component, assumed to be the residual phase of each carbonate, accounts for 24 to 82% of the Ca, with an average of 50%. This means that an equivalent part of the carbon trapped in these carbonates results from atmospheric CO 2 consumption by the local silicate weathering. The rainfall at the time of carbonate formation would have remained wet enough to allow silicate weathering and would correspond to semi-arid conditions, with MAR of 400-700mm/yr. This corresponds to 2-3 times less than the current MAR at Maddur and Mule Hole.

• The U, Sr, Mg contents and the ( 234 U/ 238 U) signature in the labile fraction of carbonates vary according to the pedological context, with high values in black soils and low ones in saprolite. They likely reflect the conditions of formation of carbonates: black soil carbonates would grow much faster than those from saprolite. Fast growth could due to a better confinement of pore waters that, 14/09/2010 34 together with high clay content, enhance a-recoil processes and high ( 234 U/ 238 U) signature. The presence of Ce, Mn and Fe oxides in the cracks of carbonates indicate the occurrence of relative humid periods posterior to the carbonate formation,

• The carbonate ages determined by the U-Th method range from 1.33 ± 0.84 kyr to 7.5 ± 2.7 kyr and to a cluster of five ages around 20 kyr, i.e. the Last Glacial Maximum. These ages correspond to identified periods of weak SW monsoon. The young occurrences are only located in the black soils that therefore constitute a favourable environment for carbonate genesis and subsequent atmospheric CO 2 storage in soils, even on short time scales.

However, the maximum age of carbonates rather depends on the location in the climatic gradient than on the pedological context: at current MAR = 1100 mm/yr (Mule Hole) the older occurrence is around 20 kyr, whereas at MAR = 700 mm/yr calcretes are 200 kyr old (Gundlupet, DURAND et al., 2007). The lifetime of pedogenic carbonates would be likely controlled by the intensity of rainfall during wet periods and erosion processes. JUYAL et al., 2004) and (B) δ 13 C in peat bogs [START_REF] Rajagopalan | Late Quaternary vegetational and climatic changes from tropical peats in southern India-An extended record up to 40,000 years BP[END_REF][START_REF] Sukumar | A 13C record of late Quaternary climate change from tropical peats in southern India[END_REF] and andisols (CANET and BOURGEON 2001) from Nilgiris. 

  The pristine watershed of Mule Hole (11°72'N -76°42'E, 4.1 km²) with a MAR of 1280 mm and an estimated potential evapotranspiration (PET) of 1030 mm (water years from 2004 to 2006, MARÉCHAL et al., 2009; RUIZ et al., 2010) is covered by a dry deciduous forest, • The partially cultivated watershed of Maddur (11°78' N -77°56' E, 7.2 km²) with a MAR of 830 mm and an estimated PET of 1250 mm (water years from 2005 to 2007) is covered by rainfed crops and coconut groves in the valley and scrubs and patches of deciduous forest on hilltops.

Figure 5

 5 Figure5shows the indurated and saprolite nodules sampled in the black soils and their

  . In the present study, the mass balance calculation has been performed on the black soil matrices primarily to consider the elemental translocation trends that have occurred in the solum. The variation of ε Ti,w as a function of depth indicates that there is a dilation from 10 to 50% in the upper 40 cm certainly due to both root action and possible translocation of Ti-bearing particles with the clay size fraction emphasized by the good correlation between Ti concentrations and the clay fraction. From 40 to 220 cm depth the lower part of the profile experienced a negative strain leading to a net loss of volume, i.e. collapse of about 20%. Except for Cr and V, which are accumulated in the solum, all other elements analyzed are depleted with the following average τ sequence in the black soil matrices: Na K (80%) > Mg Ba Ce LREE-Ce (60%) > HREE Rb Th Y (50%) >
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Figure 1 :

 1 Figure 1: Climatic gradient of the Western Ghâts rain shadow, location of the Kabini river basin and the Mule Hole and Maddur experimental watersheds. The shaded area represents

Figure 2 :

 2 Figure 2: Location of carbonate nodules in selected soil catena from the Mule Hole watershed(BARBIERO et al., 2007(BARBIERO et al., , 2010)). Pluricentimetric indurated nodules: MHT, MHS. Loose

Figure 3 :

 3 Figure 3: Location of carbonate nodules in the selected soil catena from the Maddur watershed. Cemented lumps from saprolite: MAS. Loose millimetric carbonates: MAN.

Figure 4 :

 4 Figure 4: Vertical profiles of the grain-size distribution, CEC, pH water and pH KCl in the Mule Hole black soil MHT-2.

Figure 5 :

 5 Figure 5: Macrophotographs of indurated nodules from soil catena of Figure 2. Catena A (MHT-1): (A) nodules in the black/red soil transition zone, (B) washed nodules and (C)

Figure 6 :

 6 Figure 6: Indurated nodule microphotographs with plain polarised light (A and C) and cathodoluminescence (B and D) photographs. Growing steps in micritic matrix (B) and in

Figure 7 :

 7 Figure 7: Loose nodule microphotographs (A) SEM-BSE microphotograph, (B) weathered plagioclase at the boundary between nodule and soil matrix.

Figure 8 :

 8 Figure 8: Oxides in carbonate nodules SEM photographs (back scattered electrons). (A) Fissure filled by Mn oxides is cut cross by a crack. (B) On the left, Mn oxides border

Figure 9 :

 9 Figure 9: Gneiss-normalized patterns for the labile carbonate fractions and the corresponding residual fractions: (A) loose nodules from black soil, (B) indurated nodules from black soil,

Figure 10 :

 10 Figure 10: Trend between the 87 Sr/ 86 Sr isotopic ratios in the labile fraction of carbonates and the 87 Sr/ 86 Sr of the corresponding residual fractions.

Figure 11 :

 11 Figure 11: U concentrations versus ( 234 U/ 238 U) in the sub-samples of carbonates. Two pedogenic carbonate populations may be identified according to the soil environment, black

Figure 12 :

 12 Figure 12: Vertical profiles of the density (A), strain (B) and the open-system mass fraction transport functions in the Mule Hole black soil for elements linked to clays and clay

Figure 13 :

 13 Figure 13: Consistency of proxies for the Last Glacial Maximum weak monsoon and for more recent events. (A) Stratigraphy in Thar desert (JUYAL et al., 2004) and (B) δ 13 C in

  WRB, 2006). Shallow red soils (Ferralsols and Chromic Luvisols) from 1 to 2 meters in depth dominate (see soil map of Mule Hole in(BARBIERO et al., 2007)). Lithogenic quartz, sericite and, to a lesser extent, plagioclase are preserved within the solum. The lower part of the hill slope and flat valley bottoms are covered with, on average, 2 m of black soils (Vertisols and Vertic intergrades). The other occurrence of the black soil is lithodependant with development of deeper soils (2.5 m) on amphibolite-rich bedrock located in the depressions on the crest line. The black soils are dark-coloured with shrink-swell potential. At
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	GROUP-Mule Hole, the red soils cover	the black soils 12% and
	the saprolite outcrops 22%	
		loose,
	irregular and friable nodules of millimetric size	botryoidal nodules of
	centimetric to pluricentimetric size.	preferentially located in the
		; IUSS-WORKING-
		8

upper part of the B horizon and are interpreted as orthic nodules, with skeleton grains similar

  Thorium isotopic ratios were also measured in multi-static collection mode. External normalization was used for 230 Th/ 229 Th and 232 Th/ 229 Th ratios calculation. Internal error for 10ng of IRMM 035 standard measurement is 1.5‰ and 4‰ on 230 Th/ 229 Th and 232 Th /229 Th, respectively. The external uncertainties of 230 Th/ 238 U, 234 U/ 238 U, 232 Th/ 238 U for samples take into account the uncertainties on the sample and standard measurement as well as the uncertainty on the spike concentration.Isochron ages were calculated using the ISOPLOT 3.00 program(LUDWIG, 2003).Isoplot corrects samples for detrital contamination ( 232 Th) based on 3D diagrams of 232 Th/ 238 U -230 Th/ 238 U -234 U/ 238 U activity ratios, further indicated in brackets. The intercept of the best-

Typical uncertainty for 10 ng of NBS 960 standard measurement is 5‰ and 1‰ on 234 U/ 236 U and 236 U/ 238 U, respectively (internal 14/09/2010 14 error). fit isochron is used to determine the authigenic ( 234 U/ 238 U) and ( 230 Th/ 238 U) composition required for age calculation. It calculates: (1) the age of the sample and the uncertainties associated with each age as well as (2) the Mean Square of Weighted Deviates (MSWD) and the probability of fit statistics.

4 87 Sr/ 86 Sr isotopic signature for the solid material

  The 87 Sr/ 86 Sr isotopic ratios of the labile fraction of the nodules vary from 0.712511 to 0.716661. In the residual fractions, the 87 Sr/ 86 Sr isotopic ratios are slightly more radiogenic than in the labile fraction and vary from 0.714743 to 0.726572. The Sr isotopic signatures of labile and residual fractions are correlated at the Mule Hole watershed scale. At a given location, however, the composition of the residual fraction is more heterogeneous than in the labile one. The analyses performed in the Maddur watershed (MAS, MAN) display a wide range of variation (0.716 to 0.726) in the residual fraction but a narrow range in the labile one (Figure

	significantly depleted
	in Al, K, Mg, Na, Sr, Fe, Rb, Th, LREE-Ce, HREE and Y with the average χ sequence: χ Fe
	(0.8) > χ Th (0.7) > χ Al (0.6) χ Rb (0.6) > χ LREE-Ce (0.5) > χ Y (0.4) χ Sr (0.4) > χ HREE (0.3) >

χ Zr χ Mg χ Na χ K (0.2). Ca, Ti and U do not exhibit any fractionation. Ce is significantly fractionated compared to the other LREE with positive Ce-anomalies up to 2600. 14/09/2010 18 5.

  the Mule Hole and Maddur soil profiles, as well as the replicate of Mule Hole saprolite, displays close ages, from 15.7 ± 4.8 kyr (MSWD =1.5) for MHT-1 to 21.9 ± 8.0 kyr for MAST (MSWD =3.1). Finally, the ages of the larger indurated nodules at Maddur are 66

	± 65 kyr (MSWD =15) for MAS-1 and 60 ± 53 kyr (MSWD =3.5) for MAS-2.
	Calculated U-Th ages of loose carbonate nodules of Mule Hole are 2 ± 2 kyr (MSWD
	= 26) and 5.2 ± 4.8 kyr (MSWD = 14) for MHH-1c and 1.33 ± 0.84 kyr (MSWD = 0.73) and

-0.8 ± 2 kyr (MSWD = 2.7) for MHH-1d. The age for the Maddur black soil loose carbonate nodule is 7.5 ± 2.7 kyr (MSWD = 2). Computation of the four indurated botryoidal nodule 14/09/2010 19 samples from

  Mg,Ca,Ba,K,Na) 2 Mn 3 O 12 •3H 2 O] in the solum. Ce-oxide (cerianite) can be associated with the presence of these phases. Cr and V are positively correlated and are known to be associated with iron oxides and oxyhydroxides as chromate and vanadate,
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	[(Mn,			
	psilomelane	[Ba(Mn 2+ )(Mn 4+ ) 8 O 16 (OH) 4 ]	or	todorokite
				22

  atm = ( 87 Sr/ 86 Sr) mix -( 87 Sr/ 86 Sr) isw Where K atm and K isw are the Sr/Ca molar ratios for the atmospheric and the in situ 14/09/2010 23 weathering sources, respectively. ( 87 Sr/ 86 Sr) mix , ( 87 Sr/ 86 Sr) atm , ( 87 Sr/ 86 Sr) isw are the Sr isotopic ratios for the labile carbonate fraction, the atmospheric end-member and the in situ weathering end-member, respectively. The composition of both end-members is discussed below.The 87 Sr/ 86 Sr isotopic ratio of rainfall at Mule Hole ranges between 0.708751 and 0.718439 (Table3), which is more extended than the carbonate phase signature. However, the most radiogenic rains are characterized by high K/Cl ratios. Although the rain collectors are located in an open area, some rain events, i. e. monsoon storms, can be significantly influenced by emissions from the local vegetation. This affects the 87 Sr/ 86 Sr rain signature towards more radiogenic values. For this reason, the most likely atmospheric source should be represented by the sample with the lowest K/Cl ratio, which has a 87 Sr/ 86 Sr ratio of 0.708751.

	(	) K isw

( 87 Sr/ 86 Sr) mix -( 87 Sr/ 86 Sr) isw ( ) K isw + ( 87 Sr/ 86 Sr) atm -( 87 Sr/ 86 Sr) mix ( ) K atm (4)

  would indicate that the relative growth rates of the carbonate-cemented lumps could have been up to several orders of magnitude lower than for the nodules of the black soils. This may explain the difficulty in accurate U/Th dating of the carbonate-cemented lumps, which provided high MSWD and large age uncertainty. The correlation of Mg 14/09/2010 28 concentration with U and Sr, despite Mg incorporation into calcite, is usually not related to the calcite growth rate(LOPEZ et al., 2009 and references therein), but could be explained by an additional temperature control

Table 1 :

 1 Major and selected trace elements of the black soil profile MHT-2.

	<DL: Below detection limit; NA: Not Analyzed.

Table 2 :

 2 Major, selected trace elements and Sr isotopic analyses of the pedogenic carbonates from the Mule Hole and Maddur watersheds.

	<DL: Below detection limit; NA: Not Analyzed.
	(*) Obtained by weighing the residues

Table 3 :

 3 Major, selected trace elements and Sr isotopic analyses of the rainwater samples.

<DL: Below detection limit; NA: Not Analyzed.

Table 4 :

 4 238 U and 232 Th concentrations, ( 232 Th/ 238 U), ( 230 Th/ 238 U), ( 234 U/ 238 U) activity ratios and corresponding uncertainties in carbonate subsamples. The carbonate ages, their

	uncertainties and MSWD were calculated with Isoplot (LUDWIG, 2003).

Table 3

 3 mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L .015 1.685 0.006 0.172 0.002 0.124 0.006 1.293 0.010 3.213 0.012 2.172 0.008 0.221 0.002 0.151 0.008 1.297 0.008 2.311 0.011 2.779 0.010 0.393 0.004 0.265 0.013 1.288 0.009 2.955 0.013 1.335 0.005 0.148 0.001 0.110 0.005 1.303 0.008 2.532 0.013 2.460 0.010 0.318 0.003 0.217 0.011 1.283 0.011 3.011 0.016 2.031 0.007 0.221 0.002 0.152 0.008 1.291 0.011 .005 1.356 0.006 0.350 0.004 0.276 0.008 1.134 0.007 1.239 0.005 1.176 0.005 0.311 0.003 0.239 0.007 1.142 0.006 1.282 0.006 2.068 0.010 0.528 0.005 0.278 0.008 1.135 0.008 1.154 0.005 1.219 0.007 0.346 0.003 0.275 0.008 1.137 0.007 1.298 0.005 1.469 0.008 0.370 0.004 0.270 0.008 1.132 0.007 1.344 0.005 1.289 0.006 0.314 0.003 0.245 0.007 1.140 0.007 MHT-1 1.320 0.008 1.797 0.059 0.446 0.015 0.350 0.020 1.226 0.011 1.524 0.009 1.764 0.058 0.379 0.013 0.326 0.019 1.228 0.011 1.470 0.009 2.265 0.074 0.504 0.017 0.378 0.022 1.236 0.011 1.265 0.009 1.902 0.062 0.492 0.016 0.339 0.019 1.228 0.012 1.131 0.005 2.313 0.009 0.669 0.007 0.438 0.022 1.225 0.008 1.232 0.006 1.997 0.008 0.530 0.005 0.384 0.019 1.230 0.010 1.295 0.006 2.096 0.008 0.529 0.005 0.402 0.020 1.226 0.009 MHH-1c (1) 3.897 0.014 1.817 0.006 0.153 0.002 0.102 0.005 1.315 0.007 4.463 0.023 2.124 0.007 0.156 0.002 0.112 0.006 1.318 0.011 2.417 0.014 1.715 0.006 0.232 0.002 0.148 0.007 1.313 0.012 2.163 0.023 1.794 0.007 0.271 0.003 0.173 0.009 1.299 0.020

		Cl	Ca	K	Mg Na	Al Sr Fe Mn	Th	U	La	Ce	Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu	Y	87Sr/86Sr
	mg/L Mule Hole rainwater										
	June 2003-September 2007											
	Mean	1.15	1.05 0.44 0.18 0.45	1.61 3.6 1.1 4.0	1.09 0.60	4.00 9.27 1.43 6.52 2.34 1.84 1.70 0.62 1.25 0.48 1.08 0.68 1.22 0.52	5.9	0.713945
	SD	2.06	1.11 1.24 0.21 0.52	1.15 4.0 2.5 2.7	0.93 0.43	3.15 5.99 0.83 3.28 1.40 3.13 1.97 0.55 1.24 0.55 1.08 0.84 1.12 0.65	3.24	0.003645
	Min	0.04	0.06 <dl 0.01 <dl	0.44 0.5 <dl 1.5	0.19 0.06	0.15 2.17 0.54 2.06 0.81 0.15 0.05 0.27 0.36 0.08 0.32 0.09 0.53 0.10	1.62	0.708751
	Max	23.2	7.10 11.9 0.92 2.48	4.5 13.8 5.7 10.0	3.18 1.41	10.8 21.5 2.82 12.8 5.20 6.5 5.9 1.44 4.6 1.54 3.21 1.27 3.92 1.27	9.7	0.718439
	n	194	194 194 194 194	10 10 10 10	10 10	10	10	10	10	10 10 10 10 10 10 10 10 10 10	10	8